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GENERAL INTRODUCTION 
The fluid secretpd by the exocrine pancreas consists of a solution of 
digestive enzymes (or their zymogens) and electrolytes in water. The fluid 
volume as well as the electrolyte and the enzyme contents of the fluid are con­
trolled by the hormones secretin and pancreozymin and by the vagus nerve. 
The present study was undertaken to investigate the role of cyclic AI^P in 
the hormonal regulation. Гог this purpose we have first sought to confirm and 
extend our knowledge of the pancreatic adenylate cyclase, the enzyme which is 
responsible for the production of cyclic АЧР. The adenylate cyclase in rat and 
cat pancreas can be stimulated by secretin and by pancreozymin as well as by 
its C-terminal octapeptide. These hormones act in a non-additive manner, sug­
gesting that they both stimulate the same adenylate cyclase. 
The hormone sensitivity of the enzyme system is Ι ι ρ ιd-dependent, it app­
ears to contain two separate receptors (one for secretin and one for pancreo­
zymin), and is regulated also by guanyInucleotι des. 
The concentration of cyclic AMP has been measured in intact pancreatic 
cells, and is under certain conditions elevated by secretin or pancreozymin-
C-octapeptι de. 
Various substances affect the adenylate cyclase or cyclic AMP phosphodies-
teraseactι ν 111 es in rat and cat pancreas. The effects of these substances on 
the secretory function of the rat pancreas гп vivo, as determined in this 
study, or on the cat pancreas in vitro, assessed by others, suggesl· that cyclic 
AMP is involved as second messenger in the regulation of the water and electro­
lyte secretion. The observations do not demonstrate such a role of cyclic AWP 
in the regulation of the enzyme secretion, although they do not exclude it 
either. 
In order to obtain further information on the role of cyclic AMP, it is neces­
sary to know the location of the adenylate cyclase system in the different 
cells of the exocrine pancreas, viz. the acinar cells responsiblü for the en-
zyme secretion, and the centro-ас ι nar and ductal cells involved in the water 
and electrolyte secretion. Attempts to use cytochemical techniques for the lo­
calization of the adenylate cyclase have not been succesfull. However, colla-
genase treatment of the pancreas has yielded a virtually pure population of 
acinar cells. These cells contain nearly the same adenylate cyclase activity 
χι ι 
as the whole pancreas, indicating th; 
in the acinar eel Is. The other eel Is 
late cyclase activity to explain the 
the water and electrolyte secretion. 
it a major part of the enzyme is present 
may, however, contain sufficient adeny-
evidence for a role of this enzyme in 
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CHAPTER 1. STRUCTURE, FUNCTION AND SECRETION OF THE EXOCRINE PANCREAS. 
1.1 Structure and function. 
By far the largest part of the mammalian pancreas consists of exocrine 
tissue. The islets of Langerhans, representing the endocrine part of the 
tissue, occupy only about 2% of the total tissue volume. 
The exocrine pancreas can be classified histologically as a compound 
acinoductular gland. The basic unit is the "pancreon", consisting of a 
spherically shaped acinus and an attached cylindrical ductule. In cross-
section, the acinus is seen as a cluster of pyramidal epithelial cells, who 
surround with their apical ends a small lumen, which is continuous with the 
lumen of the ductule (Fig 1). The majority of the cells, present in the 
acinus, are characterized by the occurrence of zymogen granules m the 
apιcaI part of the eel I. The granules are h ιghI y refract ι le when viewed ι η 
the phase-contrast microscope, and very electron-dense under the electron-
microscope after osmium staining. In addition, these cells contain many 
mitochondria and they possess a highly elaborated rough endoplasmic 
reticulum and a we I I-deve I oped Golgi complex. These cells are denoted as 
acinar cel I s. 
A few cells in the acinus located near the site where the ductule emerges 
do not contain zymogen granules, have a small number of mitochondria, and a 
poorly developed endoplasmic reticulum and Golgi complex. They are 
considerably smaller than the acinar cells (Ekholmet al, 19b¿ ) and have 
usually been designated as centro-acinar cells. 
The duct system of the exocrine pancreas is organized in a tree-like 
fashion: the smallest ductules, originating from the acini, converge into 
the intercalary ducts, which lead to the larger intralobular ducts, which 
eventually become interlobular ducts. These finally converge into one or in 
some species two main ducts, which drain the pancreatic secretion into the 
duodenum. The morphology of all duct cells is essentially the same. There 
are minor differences with respect to the presence of blebs on the apical 
surface, which are more frequently observed in the ducts of larger diameter 
(Ekholm et al, 1962b). 
Although the structure of the exocrine pancreas has been established 
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Section of human pancreas, showing relation of acinar to centroacinar cells. Bielschowsky-
Foot and Mallory-Azan stain, χ 1260. (Drawn by Miss Agnes Nixon.) 
Fig 1, Light-mi oro sаоргааЪ survey of exoorine pancreatic tissue (from: 
Bloom and Fawcett, 1966). 
qualitatively in considerable detail in the last two decades (Sjostrand and 
Hanzon, 1954a, 1954b; Palade and Siekevitz, 1956, Ekholm and Eklund, 1959; 
Sjostrand, 1961; Ekholm et al, 1962a, 1962b; Kern and Ferner, 1971), only in 
recent years reliable quantitative information on the structure of this 
tissue and its constituent cells has been supplied, both by light-microscop­
ical (Hegre et al, 1972) and electron-microscopical (Bolender, 1974) 
procedures. In neonatal and adult rat pancreas the acini account for 1B% of 
the total pancreatic volume, while only 2.4^ is occupied by the duct system 
(lumina included) and 1.8? by the islets of Langerhans, the remaining part 
consisting of interstitial elements (Hegre et al, 1972). In the adult fasted 
guinea-pig pancreas the acinar cells account for 82,]% of the total tissue 
volume, while duct cells, blood vessels and endocrine cells comprise 3,9%, 
'5.1% and 1.8? of this volume, respectively, leaving 8.4? for all interstitial 
and luminal extracellular spaces and less than 0.2? for connective and neural 
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tissue (Bolender, 1974). 
Unfortunately, no quantitative data are available on the mean volume of 
individual acinar or duct cells. Therefore, the numerical proportion of 
acinar versus duct cells in the intact pancreas cannot be calculated. 
The exocrine pancreas is responsible for the secretion of water and 
electrolytes and of digestive enzymes. The secreted fluid is added to the 
gastric chyme in the upper part of the small intestine (duodenum). The 
chyme is partly neutralized by the bicarbonate ions in the pancreatic juice, 
so that the secreted enzymes can start the digestion of the macro-molecular 
food components. 
The volume of secreted fluid, and the concentration of enzymes in the 
fluid, are regulated by neural and hormonal control mechanisms, which in 
turn can be triggered by the perceptual observation of food (cephalic phase), 
the extension of the stomach (gastric phase), and the entrance of gastric 
contents into the duodenum (intestinal phase), as reviewed by Harper (1967). 
1.2 Secretion of water and electrolytes. 
1.2.1 Regulation of water and electrolyte secretion. 
The discovery of a hormonal regulation of pancreatic fluid secretion 
dates back to 1902, when Bayliss and Starling observed that after sectioning 
all duodenal nerves, instillation of acid in the duodenum still caused fluid 
secretion. Intravenous injection of a crude extract of duodenal mucosa also 
led to "a copious flow" of pancreatic juice. This discovery of a chemical 
factor, called secretin, actually was the first demonstration of the 
existence of hormones. The observation of Parrel I and Ivy (1926) that duo-
denal acidification also causes fluid secretion from a transplanted pancreas, 
constituted definite proof that pancreatic fluid secretion is primarily 
regulated by a humoral mechanism, and not by neural control. 
Secretin is located in endocrine cells in the duodenal mucosa 
(Bussolati, .1971), and can be isolated by acid extraction of the duodenum 
(Mutt, 1959). Porcine secretin is a single chain peptide with 27 amino-acid 
residues. Its primary structure, resolved by Mutt and Jorpes (1966), has 
been confirmed by synthesis (Bodansky, 1966). The synthetic peptide has 
exactly the same dose-response relationship as the natural hormone 
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(Hendriksen, 1968a; Vagne et al, 1968; Farooq ei al, 1974). 
In all species Investigated, secretin increases the output of water, sodium, 
potassium, chloride and bicarbonate ions, suggesting that the secretion of 
water and electrolytes are interdependent. The way in which electrolyte 
concentrations in the fluid are influenced by secretin, is described in 1.2.2 
and 1.2.3. 
Recently, another intestinal polypeptide has been isolated from porcine 
duodenum, which has an ami no-acid sequence remarkably similar to that of 
secretin (Said and Mutt, 1972). In cat pancreas, this "vaso-active intestinal 
polypeptide" (VIP) mimicks the action of secretin, although much higher doses 
are required (Said and Mutt, 1972). In rat, VIP has only a small effect, which 
is not dose-related, but in turkey it proves to be about 30 times more potent 
than secretin (Dockray, 1973 ). 
The peptide hormones pancreozymin and gastrin, known to stimulate pancrea-
tic enzyme secretion (see 1.3.1), can in some species also affect the fluid 
secretion. In the cat pancreozymin has no effect on this parameter (Brown et 
al, 1967). However, in the dog pure gaslrin causes a slight stimulation 
(Gregory and Tracy, 1964), which has also been demonstrated for pancreozymin 
(Preshaw et al, 1965a, Henriksen, 1968 ) and for caerulein (Stening and 
Grossman, 1969), a naturally occurring peptide with a structure similar to 
that of the C-terminal fragment of pancreozymin (Anastasl, et al, 1968 ). All 
these peptides increase the flow rate to about 20% of the maximal level given 
by secretin. In contrast, in the rat these hormones (and a number of synthetic 
C-terminal fragments) are all able to increase fluid secretion to the same 
maximal level as secretin (Heatley, 1968; Dockray, 1972, 1973 ). However, the 
maximal effect of secretin in the rat is about 4 times as low as in dog or 
man, when expressed as volume of fluid, secreted per gram gland weight 
(Dockray, 1972). 
The effect of secretin can be enhanced considerably by simultaneous admini-
stration of pancreozymin (Brown et al, 1967; Henriksen and Worning, 1967; 
Wormsley, 1969; Meyer et al, 1971), gastrin (Henriksen and Worning, 1969), 
or caerulein (Fox et al, 1972). At present it is not sure, whether this 
enhancement of the secretin effect must be attributed to a vaso-dilatatory 
action of these substances, facilitating the supply of secretin to the gland 
(Brown et al, 1967; Papp et al, 1973), or to a real interaction at the level 
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of the secretory cells (Grossman, 1970, 1972). 
In any case, the nearly maximal fluid secretion of the pancreas, observed 
after a normal meal, can be explained by the simultaneous release of endogenous 
secretin (Grossman and Konturek, 1974). 
Although the hormonal regulation of fluid secretion has been firmly 
established, neural influences certainly cannot be neglected. Vagal stimulation 
or administration of chlinergic compounds, long thought to have no effect by 
itself on fluid secretion (Harper and Vass, 1941; Brown et al, 1967), have 
recently been found to be active in this respect in the cat (Lenninger and 
Ohi in, 1971), and even more in the pig (Hickson, 1970) and the rat (Debray et 
al, 1972). Furthermore, stimulation of the vagus nerve enhances the action of 
secret i'n (Brown et a I , 1967). However, the effects of vagotomy are variable 
(Harper, 1972). 
Adrenergic stimulation also influences fluid secretion, but the effect 
varies with the species. In the cat adrenaline causes a reduction (Edmunds, 
1911). The same effect occurs after stimulation of the splanchnic nerves 
(Harper and Vass, 1941), which is in both cases accompanied by vasoconstriction, 
followed by vasodilatation (Barlow et a 1, 1971, 1974). The flow rat is also 
diminished by noradrenaline in the rabbit pancreas in vitro (Hubel, 1970) and 
in vivo (Solomons et al, 1974). This inhibition is mediated by alpha-
adrenergic receptors, since it is antagonized by phenoxybenzamine. The in vitro 
effect suggests a direct action on the secretory cells, in addition to the 
vasomotor actions mentioned above. Stimulation of fluid secretion is found in 
the rat with the befa-adrcnergiс compound ¡soprenali ne, and also with the 
alpha-adrenergic antagonists phenoxybenzamine and phentolamine (Rozé et al, 
1974 , 1974 ), the effect of the latter drugs being ¿iscribod to the unmasking 
of endogenous beta-adrenergi с act ivi ty. These stimulations are inhibited partly 
by atropine, and for the other part by propranolol, indicating that the effect 
is partly mediated by the release of endogenous acetylcholine, and partly 
through a di reet beta-adrenerg ic st imu I at ¡on. In the dog contradictory results 
have been obtained with these adrenergic drugs (Dzien¡szewski, 1974). 
In the dog, flow rate and bicarbonate concentration are markedly increased 
by low concentrations of dopamine (Greengard et al, 1942), which effect has 
recently been shown not to be mediated by cholinergic or adrenergic mechanisms 
(Hashimoto et al, 1971). Apomorphine and haloperidol diminish the dopamine-
- б _ 
effect (Furuta et al, 1973, 1974), while leaving the stimulation by 
secretin or pancreozymin intact. The rapid uptake and decarboxylation of L-
DOPA in the rat pancreas (Aim et al, 1969), and the accumulation of dopamine 
in the zymogen granules of the acinar cells (Aim et al, 1971), also suggest 
a role of this amine in pancreatic secretion. 
1.2.2 Osmolality and ionic aoneentrations of the pancreatic fluid. 
In all species investigated in vivo as well as in vitro, the fluid 
secreted by the pancreas is ¡sosmolal with the plasma or the perfusate, 
irrespective of the rate of secretion, or of fhe osmolality of the perfusate 
(De Zilwa, 1904; Ball, 1930; Case et al, 1968). 
Sodium and potassium concentrations in the secreted fluid are very close 
to those in plasma (Ball and Johnston, 1930; Drei I ing and Janowitz, 1956), 
although a significantly higher sodium concentration is found in the pancreatic 
fluid than in the interstitial fluid of the cat pancreas in vitro (Case et al, 
1968). and the rabbit pancreas in vivo (Mangos and McSherry, 1971) or in 
vitro (Rothman and Brooks, 1965a; Ridderstap and Bonting, 1969a). The sod i urn 
and potassium concentrations are also independent of the flow rate. 
Calcium and magnesium concentrations in the fluid from the resting 
pancreas are lower than in plasma (Drei I ing and Janowith, 1956), but can be 
elevated above the plasma levels after stimulation by pancreozymin or 
cholinergic agents (Zimmerman et al, 1967; Goebell et al, 1972; Argent et al, 
1973, Rutten, 1974). 
An important characteristic of pancreatic fluid is that its bicarbonate 
concentration is always higher, and its chloride concentration lower, than 
that in the blood plasma. The individual concentrations of these anions gene-
ra I I y are strongly dependent on the secretion rate, but their sum retrains 
constant. In dog (Janowitz and Drei ling, 1962), cat (Case et al, 1969) and 
rabbit (Mangos and McSherry, 1971) the bicarbonate level increases to a con-
stant maximal value, when the flow rate is increased progressively by secre-
tin administration. In the rat, the same pattern is observed with pure natu-
ral or synthetic secretin (Sewell and Young, 1975), but not with a crude 
preparation (Boots) of this hormone, contaminated by pancreozymin (Mangos and 
McSherry, 1971). The latter has boen explained by the finding that pancreo-
zymin by itself increases the rate of fluid secretion but has no effect on 
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the bicarbonate concentration (Sewell and Young, 19/5). In man, however, a 
decrease of the bicarbonate level is observed after secretin (Wormsley, 1968), 
while in the mouse no significant changes are detected at all with this hor­
mone (Mangos et a I, 1973). 
1.2.3 Origin of water and electrolyte secretion. 
In recent years it has been firmly established that the ductal cells are 
capable of secreting water and electrolytes. Using a h istochemica I technique, 
Becker (1962) showed that the duct cells possess a high carbonic anhydrase 
activity, which enzyme is known to be involved in pancreatic fluid secretion 
(see 1.2.5), and in a number of other secretory processes (Maren, 1967). 
Ridderstap (1969) found a dilatation of the intercellular spaces between the 
duct cells of dog pancreas in response to secretin, which also has been 
described for the fluid reabsorbing cells of the gall bladder (Kaye et al, 
1966). Moreover, the fluid secreting capacity of the ductal eel Is of the 
rabbit pancreas has been demonstrated directly by micro-puncture and micro-
perfusion techniques (Schulz et al, 1969; Swanson and Solomon, 1973). 
However, to flush the secreted enzymes from the acinar lumen toward the 
duct system, fluid secretion would seem to be required also at the acinar 
level. The question then rises, which cell is responsible for this acinar 
fluid secretion. Grossman and Ivy (1946) observed that administration of 
alloxan causes a decrease of the secret i η-indueed bicarbonate secretion, 
while morphological changes (vacuolization) were apparently restricted to 
the intralobular duct cells. This suggested, that only these cells are 
responsible for pancreatic bicarbonate secretion. However, at the sub-
microscopic level alloxan causes lesions in acinar cells as well (Watari and 
Baba, 1968). After stimulation with secretin, Ridderstap (1969) also 
observes distension of intercellular spaces between adjacent acinar and 
centro-acinar cells, but he does not describe the behaviour of the spaces 
between adjacent acinar cells. Further evidence concerning this question comes 
from electrophysiological studies. Dean and Matthews (1972) find that acin­
ar cells of mouse pancreas are depolarized by cholinergic agents and 
by pancreozymin, but not by secretin. Greenwell (1975) also notes this beha­
viour in a number of cells, but in addition he demonstrates the existence 
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of another cell population, hyperpolanzing after secretin, while not responding 
to acetylcholine. He concludes that the latter population consists of fluid 
secreting cells, which are not identical with the acinar cells, but he has not 
performed morphological identification of the impaled cells. Therefore, it can 
be said that there is no evidence for a role of the acinar cells in the 
formation of the primary secreMon, although such a role has not yet been 
conclusively disproved. 
The effect of secretin on the anion concentrations (see 1.2.2) have led to 
the hypothesis that the formation of the final pancreatic fluid is a two-stage 
process: a primary fluid is secreted within the acini, which is modified 
subsequently during its passage through the duct system (Janowitz and Drei I ing, 
1962). Only recently, the individual contributions of the acini and the ducts 
in determining the final volume and ionic composition have been elucidated by 
means of micro-puncture and micro-perfusion techniques. The results can be 
summarized as follows. 
In the unstimulated rabbit pancreas, the chloride level in the "primary 
fluid" (punctured from the acinar lumen) is much lower than in the final 
juice, while the chloride level in the ductal fluid is intermediate between 
that in the primary and the final fluid (Schulz et al, 1969; Mangos and Mc 
Sherry, 1971). Clearly, the anionic concenfrations in the primary fluid are 
modified during passage along the ductal epithelium. As will be seen in the 
next section, this modification in the resting pancreas probably is a passive 
process, representing a movement of chloride ions from plasma to lumen and of 
bicarbonate ions in the opposite direction, down their electrochemical 
gradients. 
When the pancreas is stimulated by secretin, the chloride level in the 
primary fluid remains constant (Schulz et al, 1969; Mangos and McSherry, 
1971), while it decreases in the finally secreted fluid. This must mean that 
secretin alters the anionic concentrations by acting at the level of the ducts 
and not of the acini. Indeed, the chloride level in the ductal and final 
fluid becomes equal to or lower than that in the primary fluid (Schulz, 1969). 
A priori, two mechanisms can account for this action of secretin: 1. an 
admixture of the primary secretion with a ductal secretion, the latter having 
a lower chloride level than the former; 2. an exchange of CI for HCO, by the 
ductal cells without change in the net volume of the primary secretion. 
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Interestingly, It has been shown by split-drop microperfusion that both 
14 
mechanisms occur in nature. Schulz et al (1969) have found that a C-inulin 
containing plasma sample, injected as an oil-splitting droplet into an extra-
lobular duct ot the rabbit pancreas, increases only little in volume before, 
but much more after stimulation by secretin. Furthermore, the chloride level 
in the recollected plasma sample is not significantly changed in the 
unstimulafed pancreas, but is markedly decreased in the secretin-stimulated 
pancreas'. Swanson and Solomon (1973) have also observed fluid secretion to 
occur in the extra-lobular ducts of the rabbit pancreas in vitro by 
comparing protein concentrations in the ductal and the final fluid. Thus, in 
the rabbit the admixture mechanism is apparently operative. 
In the rat, on the other hand, it has been found with the same method 
that the extra-lobular ducts do not secrete fluid, not even after secretin 
stimulation, but that this hormone (in contrast to pancreozymin and 
Pilocarpin) can induce a decrease of the chloride level in the micro-perfused 
sample (Mangos et al, 1974). In this animal, therefore, the exchange 
mechanism seems to be responsible for the secreti η-induced decrease in the 
chI or i de level . 
The sodium and potassium concentrations have also been determined in 
micro-punctured acinar and ductal samples. Both in the primary and in the 
ductal fluid these concentrations are equal to those in the final fluid, and 
they do not change after secretin stimulation (Mangos and McSherry, 1971; 
Mangos et al, 1973; Swanson and Solomon, 1973), in agreement with the 
constancy of these values in the final juice. 
1.2.4 Solium transport and fluid secretion. 
Pancreatic fluid secretion requires the expenditure of metabolic energy. 
Anaerobic conditions, omission of glucose from the perfusion fluid, or 
inhibition of oxidative phosphorylation by dinitrophenol or cyanide, all 
reduce the fluid secretion from in vitro pancreas preparations (Ridderstap, 
1969; Wizemann and Schulz, 1973; Case and Scratcherd, 1974). In the next 
three sections we shall discuss the way in which metabolic energy (ATP) is 
converted into the movement of ions and water. 
Ridderstap and Bont ing (1969 ), working with the isolated rabbit pancreas 
in vitro, have demonstrated that the addition of ouabain to the bathing fluid 
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calises inhibition of the fluid secretion. They also noted, that the concen-
tration-dependence of this inhibitory effect closely parallels that of the 
effect of ouabain on Na-K-ATPase activity in the homogenate of rabbit 
pancreas. The effect of ouabain on flow rate has been confirmed by several 
other authors (Guelrud et al, 1972; Case and Scratcherd, 1974; Swanson and 
Solomon, 1975). 
Ridderstap and Bonting (1969 ) have also observed that a decrease in flow 
rate occurs, when the sodium chloride in the bathing fluid is replaced by 
sucrose. A dependence of fluid secretion on the external sodium ion 
concentration has also been reported by other authors (Rothman and Brooks, 
1965 ; Case et a 1, 1968; Swanson and Solomon, 1975). 
22 + When Na is added to the bathing fluid, it rapidly appears in the 
secreted fluid (Ridderstap and Bonting, 1969 ), as has earlier been described 
for the dog pancreas in vivo (Montgommery et a 1, 1941). The subsequent 
addition of ouabain to the bathing medium causes the output of Na to 
decrease proportionally to the decrease in flow rate. 
These findings strongly suggest, that a sodium transport from plasma to 
lumen is a primary event in the process of fluid secretion, and that the 
Na-K-ATPase activity is intimately related to this sodium transport. 
1.2.5 Bicarbonate transport and fluid secretion. 
Arguments have also been provided for transepithelial bicarbonate trans-
port as an important event in fluid secretion. The flow rate of the cat 
pancreas in vitro decreases, when the serosal bicarbonate concentration is 
lowered while keeping either the pH or the pC07 constant; upon complete 
omission of bicarbonate the secretion nearly stops (Case et al, 1970; Schulz 
et al, 1972 ; Swanson and Solomon, 1975). Apparently, the circulating 
bicarbonate, and not the metaboI i ca I I y produced carbon dioxide, is the 
principal source of the bicarbonate in the fluid. This is also indicated by 
the rapid appearance of radioactive bicarbonate in the pancreatic fluid after 
intravenous injection in vivo (Ball et al, 1941), or after its addition to the 
perfusion fluid in vitro (Case et al, 1970) 
On a molecular level, three different mechanisms can theoretically account 
for the transepithelial transport of bicarbonate ions (Fig 2). In the first 
model bicarbonate ions are transported as such across both the serosal and the 
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iÏg' 2. Three models for transepithelial bicarbonate transport. 
luminal plasma membrane. In the second model transport across the serosa) 
membrane Is caused by the extrusion of a proton from the cell to the 
interstitiurn, followed by neutralization of interstitial bicarbonate to 
l-UCO-,, dehydration to C0 2, permeation of the latter into the cell down its 
concentration gradient, rehydration to l-LCO-, and dissociation into H and 
HCO,. The proton can be used again for the same cycle, while the bicarbonate 
is transported as such across the luminal plasma membrane. This mechanism, 
originally proposed by Davies (1948) in analogy to his model for gastric 
secretion, is functionally equivalent with (but geometrically different from) 
the entry of bicarbonate as such across the serosal membrane, and the lumen-
to-celI transport of a proton. In the third model both membrane crossings 
occur via this proton transport, followed by C0 2 diffusion and rehydration 
in the luminal comparment. 
Several lines of evidence support the view, that proton transport is in-
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volved ¡π pancreatic bicarbonate secretion. (1) The occurrence of a high 
carbonic anhydrase activity in pancreas (Van Goor, 1937), which is involved 
in fluid secretion, since administration of the enzyme-inhibitor acetazolami de 
causes a decrease in volume and bicarbonate concentration of the pancreatic 
fluid (Birnbaum and Hollander, 1953; Drei I ing et al, 1955; Rawls et al, 1963; 
Case et al, 1969). No function can be attributed to this enzyme in the first 
alternative of Fig 2, whereas in the other two models it is involved in 
catalyzing the reactions H + + HCO~ ^  H.CCL, and h^CO, ^  H 20 + C0 2. (2) The 
observation, that anions of several weak acids can replace bicarbonate in 
being a "substrate" for pancreatic fluid secretion. These comprise acetate, 
propionate and butyrate (Swanson and Solomon, 1971, 1975), and even the non-
carboxylic acids su Ifamerazine and glycodiazine (Schulz et al, 1971 , 1971 ). 
When these anions are offered serosal ly, they enter the pancreatic fluid 
rapidly, and are secreted in concentrations, exceeding those in the serosal 
fluid. Apparently, the carrier involved in bicarbonate transport is not 
specific for bicarbonate. (3) The increase in flow rate with increasing pH, 
observed by Swanson and Solomon (1975). 
As already suggested by Davies (1948), proton transport could be linked 
with sodium transport in an exchange mechanism. Some experimental evidence in 
favour of such an exchange mechanism, located both in the serosal and the 
luminal plasma membrane, has been presented (Swanson and Solomon, 1972; 1975). 
Such a mechanism would offer an explanation for both the sodium and the 
bicarbonate requirement of fluid secretion. 
1.2.6 Leading ion and pump system in fluid secretion. 
The crucial question, of course, is which is the ion, whose active 
transport forms the driving force for the transport of the other ions and of 
water. It follows from the above résumé, that the sodium ion, the bicarbonate 
ion and the hydrogen ion, either alone or in combination, are the most 
likely candidates. Moreover, this "primarily transported ion" need not be the 
same for the fluid secretion at the acinar or the ductal level, respectively. 
The evidence for the active sodium transport is compelling, but not yet 
complete. In basal or secretin-stimulated fluid secretion, the trans-
epithelial sodium concentration difference is nearly (but not exactly; see 
1.2.2) zero, while the transepithelial potential difference is from 4 to 9 mV, 
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lumen negative (Schulz et al, 1969; Way and Diamond, 1970; Swanson and 
Solomon, 1975). This means, that the sodium ions could move passively from 
plasma to lumen, down their electrochemical gradient. On the other hand, 
partial replacement of sodium chloride by sucrose or choline chloride leaves 
the sodium concentration of the fluid relatively unaffected (Case et al, 1968; 
Ridderstap and Bont ing, 1969 ). Furthermore, when It is assumed that the 
sodium ions pass through and not between the secretory cells, the transport-
step across the luminal plasma membrane must be active, in view of the low 
intracellular sodium concentration and the negative potential of the coll 
interior with respect to the luminal compartment (Swanson and Solomon, 1973). 
Unfortunately, the location of the Na-K-ATPase activity within the secretory 
cell is not yet known. 
The transepithelial bicarbonate transport, however, appears also to be 
active: the bicarbonate concentration in the finally secreted fluid is always 
higher than in plasma, and the lumen has a negative potential with respect to 
the plasma. Furthermore, the luminal potential becomes even more negative after 
secretin stimulation (Way and Diamond, 1970), which can be explained by an 
enhanced electrogenic transport of bicarbonate from plasma to lumen, or by 
proton transport in the opposite direction, but not by a ρlasma-to-Iumen 
transport of sodium ions. 
In addition, the occurrence of an an ion-act Ivated ATPase activity has been 
demonstrated in pancreatic tissue (Simon et al, 1972). A role of this enzyme 
in fluid secretion is suggested by the inhibitory effect of thiocyanate on the 
enzyme activity (Simon et al, 1972) and on the secretory flow rate (Schulz, 
1972), and by the stimulatory effects of valinomycin and nigericin on both 
these parameters (Wlzemann and Schulz, 1973). However, a real transport 
function of this anion-ATPase has not yet been demonstrated. 
There are two reasons, arguing against a rate-Iimiting role of anion-
ATPase in fluid secretion, and favouring such a role for Na-K-ATPase. First, 
concentrations of thiocyanate, which fully inhibit the anion-ATPase, only 
partially inhibit fluid secretion, In contrast to the parallel Inhibition of 
both Na-K-ATPase and flow rate by ouabain. In the second place. In cat. 
pancreas Na-K-ATPase activity is highest within the acini, and low in the 
extralobular ducts, whereas the reverse is observed for anion-ATPase 
(Wizemann et al, 1974). As pointed out in 1.2.3, the acinus must in any case 
be assumed to be a fluid secreting structure, whereas the extralobular ducts 
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¡π the cat pancreas might secrete bicarbonate in exchange for chloride 
without much increasing the fluid volume. Therefore, the Na-K-ATPase seems to 
be primarily responsible for the fluid secretion, while the anion-ATPase 
might only be related to the modification of the fluid at the level of the 
ducts. 
1.3 Secretion of digestive enzymes. 
1.3.1 Regulation of enzyme secretion. 
Pavlov (1902) already demonstrated that pancreatic enzyme secretion is 
increased by stimulation of the vagus nerve, while fluid secretion is little 
affected. There is, however, also a hormonal mechanism. Harper and Vass (1941) 
observed thai" food in the duodenum could elicit enzyme secretion, even when 
all nerves to the duodenum were cut. This led to the discovery of 
pancreozymin, which can like secretin be extracted from the duodenal mucosa 
(Harper and Paper, 1943). Definite confirmation of this hormonal mechanism 
was achieved by Wang and Grossman (1951), who obtained enzyme secretion from 
a transplanted pancreas. 
Porcine pancreozymin has been purified, and characterized as a single 
chain peptide with 33 amino-acid residues (Mutt and Jorpes, 1967). It is 
identical with cholecystokiη In, the hormone which contracts the gall bladder 
(Jorpes and Mutt, 1966). The primary structure has been resolved (Mutt and 
Jorpes, 1971), but total synthesis has not yet been reported. Mutt and Jorpes 
also noted, that much, if not all, of the biological activity of the hormone 
resides in the C-terminal tryptic peptide or octapeptide amide (Jorpes, 1968). 
This has been confirmed by testing the biological activity of synthetic 
peptides (Ondetti, 1970). The C-terminal heptapeptide amide is the smallest 
active fragment, while with increasing chain length maximal potency is 
obtained al the decapeptide stage, which is at a molar base more active than 
the complete hormone. The hydroxyl group of the tyrosine at position 7 
(counted from the C-terminus) must be sulfated for biological activity 
(Anastasi, 1968b; Ondetti, 1970; Dockray, 1973 b). 
The decapeptide caerulein, extracted from the skin of the frog Ну la 
caerulea, has the same C-terminal pentapeptide as pancreozymin and a sulfated 
tyrosine at position 7 (Anastasi, 1968 ). It is more potent than pancreozymin 
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in stimulating pancreatic enzyme secretion (Stening and Grossman, 1969; 
Dockray, 1972). 
The C-terminal pentapeptide amide of gastrin is also identical to that of 
pancreozymin, but his hormone possesses an unsulfated (gastrin I) or sulfated 
(gastrin II) tyrosine at position 6 (Gregory et al, 1964). Purified gastrin 
is nearly as potent as pancreozymin in stimulating enzyme secretion from dog 
pancreas (Gregory and Tracy, 1964; Stening and Grossman, 1969), but much 
less so in rat pancreas (Dockray, 1973 ). A physiological function of gastrin 
in the gastric phase of canine pancreatic secretion has been suggested by 
Preshaw et a I, (1965b). 
In recent years it has been shown that secretin can also stimulate enzyme 
secretion. After injections of natural or synfhetic secretin, dose-related 
increases in enzyme secretion have been observed (Henriksen, 1968; Dockray, 
1972), which are, however, difficult to distinguish from a wash-out effect. 
In a careful study Henriksen and Moller (1971) have shown that enzyme 
secretion by dog pancreas remains about 50% elevated above the basal level 
during the entire period of secretin infusion, even after atropinization of 
the animal, suggesting a real and direct effect of secretin on enzyme secretion. 
Secretin can also enhance the effect of pancreozymin (Henriksen and 
Worning, 1967; Meyer et al, 1971; Csendes et al, 1971; Fölsch and Wormsley, 
1973) and of gastrin (Henriksen and Worning, 1969) on enzyme secretion. 
Cholinergic stimulation has the same effect as pancreozymin on pancreatic 
enzyme secretion. This raises the question, whether the action of these 
stimuli are independent of each other. Atropine, which inhibits the cholinergic 
response, does not affect the action of pancreozymin (Harper and Raper, 1943; 
Hokin and Hokin, 1956), while vagotomy also leaves the pancreozymin effect 
intact (Konturek et al, 1972; Wormsley, 1972; Tiscornia et al, 1972). Thus, 
pancreozymin does not act by releasing endogenous acetylcholine. Neither does 
acetylcholine act through the release of pancreozymin, as is demonsfrated by 
experiments with duodenectomized animals (Hickson et al, 1970; Magee and 
Sullivan, 1973). 
In several in xritro preparations adrenergic stimulation has no effect on 
basal or stimulated enzyme secretion (Meldolesi and Macchi, 1972; Barlow et 
al, 1974), but inhibition of basal enzyme secretion is often observed in vivo 
(Harper and Vass, 1941; Greengard et al, 1942; Rozé et al, 1974). This is 
probably due to the vasoconstrictive action of adrenaline in vivo (Meldolesi 
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and Macchi, 1972). Recently, however, stimulation by isoprenaline of enzyme 
secretion by in vitro preparations of the pancreas of mouse (Malamud, 1972) 
and cat (Pederson and Schulz, 1974) has been observed. The effect could, 
however, be antagonized by atropine, which indicates an involvement of endo­
genous acetylcholine (Pederson and Schulz, 1974). 
1.3.2 Origin, properties and mechanism of enzyme secretion. 
The proteins in the pancreatic fluid consist mainly of hydrolytic 
enzymes, or their zymogens (Greene et al, 1963), the remainder largely being 
accounted for by pancreatic trypsin inhibitor and the protei с co-enzyme co-
I i pase. 
It has been shown conclusively that the proteins in the pancreatic fluid 
derive from the zymogen granules in the acinar cells (Palade et al, 1962). The 
relative proportion of the enzymes in the zymogen granules and in the secreted 
juice is identical (Christophe et al, 1971) and remains constant after 
stimulation of enzyme secretion (Tartakoff et a 1, 1975). However, it can vary 
with the dietary regime of the animal (Desnuelle, 1962; see also: Wormsley 
and Goldberg, 1972). 
The processes of 1) synthesis, 2) transport from rough endoplasmic 
reticulum to condensing vacuoles in the Golgi complex, 3) maturation of the 
latter into zymogen granules, and 4) secretion by exocytosis, of the enzyme 
molecules have been extensively studied in the guinea-pig pancreas in vivo 
and in vitro by morphological, biochemical and autoradiographica1 techniques 
by Palade et al (Palade et al, 1962; Caro and Palade, 1964; Redman et al, 
1966; Jamleson and Palade, 1967a, 1967b). 
The overall mechanism requires the investment of metabolic energy at the 
first, second and fourth step (Jamieson and Palade, 1968 , 1971a), but not at 
the third step (Jamieson and Palade, 1971a). The energy (ATP) is obtained 
from oxidative phosphorylation in the mitochondria, the energy-substrate 
being fatty acids, and not carbohydrates (Jamieson and Palade, 1968 ; Bauduin 
et al, 1969). 
Although ouabain or a low sodium environment have no or little effect on 
the unstimulated (Ridderstap and Bonting, 1969 ) or carbamyIcholine-stimulated 
(Jamieson and Palade, 1971a) enzyme secretion, the pancreozymin-induced enzyme 
secretion of rat pancreas has been shown to be inhibited by ouabain or a low 
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sodi um environment (Kanno, 1975), suggesting an involvement of Na-K-ATPase 
in this process, possibly restoring or maintaining the excitability of the 
acinar cell during pancreozymin stimulation. 
Synthesis, intracellular transport, and exocytosis are independent 
processes. When secretion is enhanced by secretagogues, the rates of synthesis 
and of intracellular transport are not affected (Hokin, 1956; Poort and 
Kramer, 1968; Jamieson and Palade, 1971"), although the intracellular transport 
route is drastically altered during prolonged stimulation (Jamieson and Palade, 
197lb). Furthermore, blocking protein synthesis in vitro by cycloheximide does 
not inhibit the transport of pu Ise-1 abe led protein from rough endoplasmic 
reticulum to Golgi complex, and neither the basal or stimulated enzyme 
secretion, even after 4 hours of treatment with this drug (Jamieson and Palade, 
1968a, 'l971a; Kramer and Poort,1972). This indicates, that this part of the 
intracellular transport and the process of exocytosis do not require the 
simultaneous systhesis of "structural" (e.g. membranous) proteins. 
However, Kramer and Poort (1972) have shown that the secretion of 
radioactive I y labeled proteins from the unstimulated rat pancreas in vivo, 
normally occurring between 7 and 12 hours after the injection of H-leucine, 
is inhibited by cycloheximide. These findings suggest, that in the unstimulated 
cell, due to the continuous assembly of new zymogen granules in the Golgi-
reglon, the older granules are displaces in a slow and orderly fashion towards 
the apex of the cell, discharging their contents at their arrival. Release of 
labeled proteins from pancreatic slices in vitro during the first 4 to 6 
hours after pu I se-label ing is considered by these authors to arise from the 
accidental discharge of some zymogen granules "before their turn". This would 
explain the above-mentioned lack of effect with cycloheximide on the basal 
enzyme secretion in vitro. 
This concept of secretion implies that the secretion rate is determined 
by the number of "collisions" between zymogen granules and plasma membrane. 
Stimulated secretion then may result from enhanced intracellular movement of 
zymogen granules or from increased motility of the plasma membrane (Kramer and 
Poort, 1972). Contractile microtubules or microfilaments could be involved 
in this movement, although colchicine or vinblastine have little (Jamieson 
and Palade, 1971 ) or no (Benz et al, 1972) effect on the stimulated enzyme 
secretion in vitro. 
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The exocytotic manner of secretion, by which membrane material originating 
from the Golgi complex is incorporated into the plasma membrane, nevertheless 
does not result in a disappearance of Golgi membranes or in an excess of 
plasma membrane surface. Therefore, a mechanism must exist, which accounts 
for the re-absorption of excess plasma membrane and the replenisment of Golgi 
membranes. These processes may be related, in the sense that (part of) the 
material retrieved from the plasma membrane may be used for the reconstruction 
of Golgi membranes. Recently, some evidence has been reported in favour of 
a recycling of membrane proteins, but not of phospholipids, during the 
secretory process (Meldolesi and Cova, 1971), while endocytotic activity, 
demonstrated in basolateral membranes of acinar cells, could represent a 
mechanism for plasma membrane retrieval (Geuze and Poort, 1973). 
1.4 StimuIus-secrotion coupling in the exocrine pancreas. 
Our investigations are aimed at gaining more insight in the processes, 
which are intermediate between the stimulation of the pancreatic cell by hor-
monal or neuro-humoraI agents and their final response, i.e. the secretion of 
fluid or enzymes. 
The role of adenosine 3',5'-monophosphate (cyclic AMP) as a "second 
messenger" in a number of hormonally regulated physiological functions has 
been well established (Robison et al, 1968). Ridderstap and Bonting, (1969c), 
working with the rabbit pancreas in vitro, noted an increase of enzyme 
secretion by adding cyclic AMP to the bathing medium. They observed the same 
effect with theophylline, an inhibitor of the cyclic AMP degrading 
phosphodiesterase (see below), while this substance could potentiate** the 
action of a submaximally stimulating concentration of pancreozymin. On the 
basis of these findings they formulated a hypothesis for the stimulus-secretion 
coupling in pancreatic enzyme secretion. Pancreozymin would activate a membrane-
bound adenylate cyclase, and thus elevate the intracellular concentration of 
cyclic AMP. This nucleotide would then activate the zymogen of phospholipase 
A, which would catalyze the local formation of lysophospholipids on or near 
the zymogen granule membrane, and thus initiate the fusion of the latter 
membrane with the apical plasma membrane. 
This hypothesis was the subject of further studies by Rutten (1974) in 
* See 3.2.6. 
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this laboratory. He demonstrated the occurrence of adenylate cyclase activity 
In a particulate fraction of rat pancreas homogenate, which is stimulated 
by pancreozymin, but also and more potent Iy* by secretin (Rutten et al, 1972). 
In addition, the occurrence and properties of cyclic AMP-phosphodiesterase 
in rat pancreas were studied (Rutten et al, 1973 ). The activity of this 
enzyme, which is responsible for the degradation of cyclic AMP to AMP, 
is not influenced by pancreozymin, secretin and acetylcholine, but is inhibited 
by theophylline and more potently by papaverine. These findings demonstrate 
the existence of a hormonally controlled cyclic AMP metabolism in pancreatic 
tissue. 
However, cyclic AMP does not activate phospholipase A or lipase activity, 
even i.n the presence of ATP and Mg as required for cyclic AMP-dependent 
protein kinase activity. Cyclic AMP in high concentration (1 mM) enhances 
the lysis of isolated zymogen granules, while AMP, ADP and ATP do not have 
this effect. However, the effect appears to be too slow to be physiologically 
relevant (Rutten et al, 1975). Hence, no real support for the hypothesis has 
been obtained. 
Concerning the regulation of pancreatic fluid secretion, relatively scant 
information was available at the moment when these investigations were started. 
However, convincing evidence in favour of a mediating role of cyclic AMP in 
this process has been produced shortly thereafter. In the isolated perfused 
cat pancreas, which does not secrete in unstimulated conditions, the 
administration of dibutyryl cyclic AMP or of theophylline results in the 
secretion of pancreatic fluid, which except for the first few drops is very 
poor in enzyme content. Theophylline furthermore can potentiate the effects 
of submaximally stimulating concentrations of secretin on the flow rate (Case 
and Scratcherd, 1972). In addition, it has been shown that secretin strongly 
elevates the intracellular levels of cyclic AMP in the cat (Case et al, 1972), 
guinea-pig (Benz et a 1, 1972) and rat (Robberecht et al, 1974) pancreas. 
After the work of Rutten, the following questions remained unanswered. 
1. Is the rat pancreas adenylate cyclase really less sensitive to pancreozymin 
than to secretin? 2. Do these two hormones stimulate one or two adenylate 
cyclase(s)? 3. Are the stimulatory actions of these hormones on the adenylate 
cyclase reflected in elevated concentrations of cyclic AMP in intact cells? 
4. Is the activation of the adenylate cyclase by secretin related to a role 
* See '3.2.6. 
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of this enzyme in the regulation of the fluid secretion? 5. Where are the 
adenylate cyclase and cyclic AMP-phosphodiesterase located in the pancreas? 
In tni s thesis experiments are reported, aimed at resolving 1hese questions. 
In addition to cyclic AMP, a function of the calcium ion in the 
stimulus-secretion coupling of many hormone-dependent secretion processes 
has been firmly documented (Douglas, 1968; Rubin, 1970). In the exocrine 
pancreas the presence of calcium ions in the serosal medium is required for 
the stimulatory action of pancreozymin and acetylcholine on enzyme secretion, 
45 
while these secretagogues also increase the Ca efflux from preloaded 
pancreatic tissue in vitro (Case, 1973). In this laboratory, investigations 
to the role of calcium ions in pancreatic enzyme secretion have been started 
by Rutten (1974), and at present are being continued by Schreurs (Schreurs 
et al, 1975a, 1975b). 
Results obtained in several laboratories are consistent with the view that 
pancreatic enzyme secretion can be triggered by an elevation of the cytoplasmic 
calcium ion concentration through a release from one or more intracellular 
store(s). This would imply that calcium ions are the "third messenger", but 
it would still require a "second messenger" for mediating the effects of pan-
creozymin and acetylcholine on the calcium ion mobilization. Cyclic AMP still 
is a possible candidate for the "second messenger", but an increased level 
of cyclic GMP (Robberecht et a 1, 1974), or an increased permeability for 
sodium ions (Nishiyama and Petersen, 1975) have also been proposed for this 
function. 
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CHAPTER 2. EFFECTS OF HORMONES AND VARIOUS AGENTS ON RAT PANCREATIC 
ENZYME SECRETION in viU-o. 
2.1. I ntroduction. 
Before it can be concluded that the action of a hormone is mediated by 
cyclic AMP, a number of minimal requirements should be fulfilled (Sutherland 
et al, 1968), one of which is that the hormone effect should be mimicked by 
exogenous cyclic AMP or by substances, assumed to elevate the intracellular 
concentration of this nucleotide. During the past ten years many investiga­
tors have tried to verify this criterion in the case of pancreatic enzyme 
secretion, which is stimulated by pancreozymin or cholinergic comnounds. 
Stimulation of enzyme secretion by cyclic AMP or its more lipophilic 
dibutyryl derivative, or by cyclic АКР pnosphodiesterase inhibitors, has 
been reported for mouse (Kulka and Sternlicht, 1968; N'alamud, 1972), rabbit 
(Ridderstap and Bonting, 1969C; KnodeI I et al, 1970; Rutten, 1974), rat 
(Bauduin et al, 1971; Morisset and Webster, 1971; Heisler et al, 1972; Beaudu-
in et al,1974), cat (Pederson et al, 1970) and dog (Guelrud et al, 1971). 
However, other authors have not been able to confirm these effects in 
guinea-pig (Jamieson and Palade, 1971 ; Benz et al, 1972) and rat (Vaille et 
al, 1966; Haig, 1974), whereas in the perfused cat pancreas the small effect 
on enzyme secretion has been explained as a wash-out effect, due to 
stimulation of the fluid secretion (Case and Scratcherd, 1972). 
In view of the lack of unanimity in the literature on the effects of 
cyclic AMP or related compounds on pancreatic enzyme secretion, the effects 
of cyclic AMP and dibutyryl cyclic AMP on enzyme secretion have been 
reinvestigated on slices of rat pancreas in vitro. The rat was chosen as the 
experimental animal, since previously Rutten et al (1972) in our laboratory 
have studied the occurrence and properties of pancreatic adenylate cyclase 
in this species. 
In recent years, some evidence has been presented for a mediating role 
of cyclic GMP in cholinergic regulatory functions, which take place through 
activation of the muscarine-receptor (reviewed by Goldberg et al, 1973). The 
action of acetylcholine on pancreatic enzyme secretion is of the muscarine 
type, since it is antagonized by atropine. It was therefore decided to 
investigate a possible involvement of cyclic GMP in pancreatic enzyme 
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secretion by testing the effects of exogenous cyclic GMP or its dibutyryl 
analogue on rat pancreas slices. 
Rutten et al (1973 ) have shown that the rat pancreatic cyclic AMP 
phosphodiesterase can be fully inhibited by a 100-fold lower concentration 
of papaverine than of theophylline. Furthermore, the xanthine derivative 
1-methyI-3-isobutyI xanthine (MIX) has been found to be a much stronger 
cyclic AMP phosphodiesterase inhibitor than theophylline in fat cells 
(Beavo et al, 1970), while the intracellular level of cyclic AMP is also 
more increased by MIX than by theophylline in the islets of Langerhans 
(Montague and Cook, 1971). It was of interest, therefore, to test these 
more potent inhibitors, either alone or in combination with the cyclic 
nucleotides, on the pancreatic enzyme secretion in vitro. 
2.2 Materials and methods. 
2.2.1 Materials. 
Carbachol is obtained from Brocades-ACF, The Netherlands; pancreozymin-
C - octapept¡de (PzO) is a gift of Dr. M. Ondetti, The Squibb Institute for 
Medical Research, Princeton, N.J., USA; synthetic secretin is a gift of 
Dr. M. Wünsch, Max Planck Institute for Biochemistry, Munich, W. Germany; 
cyclic GMP, dibutyryl cyclic AMP, dibutyryl cyclic GMP, NADH and sodium 
pyruvate are purchased from Boehringer, Mannheim, W. Germany; 
benzoyI tyros¡neethylester (BTEE) from Fluka, Buchs, Switzerland; papaverine-
HCI (pharmacopoeia quality) from Merck, Darmstadt, W. Germany; MIX and 
butyric acid are from Aldrich-Europe, Beerse, Belgium. 
2.2.2 Tissue preparation and inaubation. 
Male Wistar rats, 200-250 g body weight, which have had free access to 
food and water, are killed by cervical dislocation and exsangui nation. The 
pancreas is carefully dissected out, and cut by a Stadie-Riggs hand microtome 
into 0.5 mm thick slices of 30-60 mg wet weight. A Krebs-Ringer bicarbonate 
medium, containing 109 mM NaCI, 3.1 mM KCl, 2.5 mM CaCI2, 1.7 mM MgCI2, 26.2 
mM NaHCO,, 1.5 mM KH-PO. and 10 mM glucose, is equilibrated with a stream 
of a water-saturated mixture of 95? oxygen and 5% carbon dioxide, thereby 
adjusting the pH to about 7.3. 
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To remove the bulk of already secreted enzymes from the ductal spaces 
the tissue slices are pre-incubated at 37° С for 20 min in 20 ml of this 
medium under continuous bubbling with the above gas-mixture. In the mean­
time a series of test tubes are each filled with 10 ml of tho Krebs-Ringer 
medium. Two or three tubes of the series, serving as i ntra-experi menta I 
controls, do not contain any further additions. In two or more other tubes 
the substance to be tested is present, previously dissolved to the desired 
concentration. The pH of the media is checked before the start of incubation 
and if necessary re-adjusted to 7.3.'The tubes are then placed in a water-
bath, which is kept at 37 C, and a stream of the above gas-mixture is 
delivered to each of the tubes by means of a pasteur ρ i pet immersed to 
about 1 cm from the bottom of the tube. The slices are taken one by one from 
the pre-incubation vessel, and after determination of their wet weight are 
distributed over the different tubes. 
Incubation is continued for 120 m m with agitation of the tissue and 
stirring of the media by bubbling the gas through the medium. At the end of 
the incubation 400 μΙ samples are taken from the medium for the determination 
of the amount of released enzymes. The remaining medium and the tissue are 
poured into a ground-glass homogenizing tube. The tissue is homogenized in 
its own medium by means of a motor-driven ground glass or teflon pestle 
(tightly fitting), rotating at 300 rpm. Samples of 25 μΙ are taken from 
this homogenate, and diluted with Krebs-Ringer bicarbonate medium to a final 
volume of 400 yl, for the determination of the total amount of enzymes 
initially present in the tissue. 
2.2.3 Assay of chymotrypsin. 
For the determination of the total chymotrypsin activity (i.e. active 
enzyme and pro-enzyme) in the samples, 100 yl "activating solution" is added 
containing 100 yg/ml purified bovine pancreatic trypsin, 100 mM Tris-HCI 
(pH 7.8) and 100 mM CaCI-. The mixture is left overnight at 4° С and then 
assayed for chymotrypsin. In agreement with Reboud et al (1962) we have 
found that all chymotrypsinogen is activated by this procedure. 
The chymotrypsin assay is performed according to Hummel (1959), using 
benzoyI tyrosine ethylester as substrate and measuring the rate of its 
hydrolysis by monitoring the increase in absorbance at 254 nm. The assay 
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medium contains 0.4 mM BTEE, 50 mM Tns-HCI (pH 7.8), 50 mM CaCI2 and Ъ0% 
(by vol.) methanol. Prior to the assay the tubes with the activated samples 
are centnfuged at 7000 χ g for 1 m m to sediment the insoluble calcium salts. 
The reaction is started by the addition of 400 μΙ of the clear superndtant 
to 3.0 ml of the assay medium. After rapidly mixing the contents the 
medium is poured into a quart? cuvette and placed in a Zeis PMQ II 
spectrophotometer. The increase in absorbance is recorded by a Kipp BD-1 I 
pen recorder, transforming absorbance change to a linear scale. Under our 
conditions absorbance increases of 0.002 to 0.020 absorbance units per m m 
are obtained, assuring d linear time course for about 4 mm, 
The substances tested for their effect on enzyme release do not interfere 
with the activation of chymotrypsinogen by trypsin and with the assay of 
chymotrypsιn, except for 10 M carbachol. This substance inhibits activation 
of the enzyme, but this effect could be overcome by taking samples of 100 
μ I instead of 400 μ I from the incubation medium. 
All determinations have been performed m duplicate. 
2.2.4 Assay of lactic dehydrogenase. 
The lactic dehydrogenase (LDH) activity is determined by the method of 
Kubowitz and Ott (1943) following the reduction of pyruvate by NADH. The 
final assay mixture, inducing the enzyme sample, contains 50 mM 
tri ethanol ami ne-HCI (pH 7.6), 0.26 mM NADH and 3.4 mM sodium pyruvate. The 
reaction is started by the addition of pyruvate to the other components. 
After rapidly mixing the complete assay mixture is poured into a quartz 
cuvette and placed m a Zeiss PMQ II spectrophotometer. The decrease m 
absorbance at 340 nm is recorded with a Kipp BD-1 I pen-recorder. Blanks, 
containing water instead of pyruvate, are used to correct for air oxidation 
of NADH. The above pyruvate and NADH concentrations are saturating so that 
endogenous pyruvate and NADH do not influence the measured enzyme activity. 
All determinations are performed m duplicate. 
2.2.5 Calculations. 
The amount of chymotrypsm or LDH, released into the medium during the 
incubation of the tissue slices, is expressed as the percentage of the 
total amount of each enzyme, present at the start of the incubation. The 
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i after amount can be calculated from the known volumes of the samples, the 
volume of the incubation medium at the end of the incubation (determined by 
weighing and assuming a density of 1.0), and the wet weight of the tissue 
si i ce. 
The "percentage-release" values for the control slices in the 
experiment are averaged, and the "percentage-release" value ôf each slice, 
incubated with a tesi substance, is expressed as the percentage of this mean 
¡ ntra-expenmental control value. All "percentage-of-control " values for a 
particular substance in a particular concentration are then used for the 
calculation of the mean "percentage-of-control" effect and its standard 
error. 
To evaluate whether this mean "percentage-of-control" value is 
significantly different from 100?, the p-value is determined with Student's 
t-test for unpaired data, P<0.05 being accepted as the criterium for 
statistical significance. 
2.3 Results. 
2.3.1 Incubation time. 
In preliminary experiments, the release of chymotrypsin into the bathing 
medium has been studied as a function of the incubation time. A linear time-
course for a period of 2 h is found with slices, incubated under basal 
-5 -7 
conditions, or in the presence of 10 M carbachol, of 3. 10 M PzO, or of 
10 M dibutyryl cyclic AMP. In all further experiments an incubation-
period of 2 h has been employed. 
2.3.2 Basal chymotrypsin release. 
Only 3.0 + 0.2% of the initial amount of chymotrypsin present in the 
tissue-slices at the start of the incubation is released into the bathing 
medium after 2 h incubation at 37 С under basal conditions. This value is 
the mean with S.E. of 110 observations in 40 separate experiments. The mean 
basal release within individual experiments ranges from 0.6 to 12.355. 
2.3.3 Effects of carbachol and pancreozymin-C-octapeptide. 
Fig 3 shows that carbachol, the esterase-resistent analogue of 
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acetylcholine, approximately quadruples the basal chymotrypsin release from 
rat pancreas slices. The values vary greatly between separate experiments, 
ranging from 64% to 1730?. In b out 24 experiments, carbachol did not 
significantly stimulate chymotrypsin release. 
— R 
PzO also increases chymotrypsin release (Fig 3). At 3.10 M the effect 
is slight and statistically not significant, but at 3.10 M it nearly 
doubles the release and this effect is statistically significant. 
2.3.4 Effects of cyclic nucleotides and -their dibutyryl derivatives. 
-4 
Cyclic AMP slightly increases chymotrypsin release, but neither at 10 
nor at 10 M are the effects significant (Fig 4). Its dibutyryl analogue, 
which allegedly better penetrates the cell membrane, more than doubles the 
basal release at both these concentrations (Fig 4) . 
On the other hand, the presence of cyclic GMP results in a significant 
-5 -4 inhibition of the chymotrypsin release at concentrations of 10 , 10 and 
10 M (Fig 4 ) . The dibutyryl analogue behaves differently: while this 
-6 -4 
substance has no effect at 10 M and 5.10 M, it significantly increases 
the chymotrypsin release at 10 M (Fig 4 ) . 
As shown by Blecher and Hunt (1972), several tissues contain enzymes 
6 2' 
hydrolyzing the N -butyrylami de and the 0 -butyrylester bonds in dibutyryl 
cyclic AMP. In order to establish whether the intracellular production of 
butyrate could have been responsible for the stimulated enzyme release, 
observed at certain concentrations with the dibutyryl cyclic nucleotides, 
the effect of exogenous butyrate has also been tested. In a concentration 
of ΙΟ - 3 M this 
release (Fig 4), 
of 10 M this substance has no significant effect on the chymotrypsin 
2.2.S Effects of phosphodiesterase inhibitors. 
Papaverine at 10 M, which fully inhibits rat pancreatic cyclic AMP 
phosphodiesterase in a eel I-free assay system (Rutten et al, 1973 ) and 
stimulates amylase secretion from the rabbit pancreas in vitro (Rutten, 
1974), has a small but significant positive effect on the chymotrypsin 
-4 
release (Fig 5 ). In combination with 10 M cyclic AMP this effect 
disappears. With cyclic GMP a larger effect is seen than with papaverine 
-4 
alone, which is significant at 10 M cyclic GMP (Fig 5 ). 
Carbochûl PzO PzO Secretin Secretin 
icr5M з.ю"8м зю"7м зю- м ισ7Μ 
Fig ¿. Effecte of aarbaohol (10~ M), panoreozymin-C-octapepfLde (3.10~ and 
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Fig 4. Effects of cyclic AMP (10~4 and 10~3M ) , dibutyryl ayolio AMP (10~4 
and 10~3M), cyclic GMP (10~6 and 10 4M ) , dibutyryl cyclic GMP (10~6, 10 
~4 —3 
and 5.10 M ) and butyrate (10 M ) on ohymotrypsin release from rat pancrea­
tic slices. 
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—2 (10 M) on chymotrypsin release from rat pancreatic slices. 
-2 MIX in a concen t ra t ion of 10 M, which cons iderab ly e levates the 
i n t r a c e l l u l a r level of c y c l i c AMP (see Chapter 5 ) , is able to s t imu la te the 
chymotrypsin re lease s i g n i f i c a n t l y t o about 70? above the cont ro l level 
(P ig 5 ) . 
2.3.6 Mechanism of the effect of stimulating substances. 
The possibility has been envisaged that the measured enzyme release in 
vitro might be the result of other processes than secretion by way of 
exocytosis. Also, the increases in enzyme release obtained with different 
substances might be caused by an aspecific cytotoxic action, resulting in a 
general loss of enzyme contents. To test this possibility, the release of 
LDH, a cytoplasmic enzyme, has also been measured in some instances. As 
shown in Table I, the LDH-re lease in control conditions is about one half of 
that of chymotrypsin, i.e. about 2% of the initial content of LDH. In the 
-5 -3 
presence of 10 M carbachol or 10 M dibutyryl cyclic AMP this amount is 
increased to about 5%, and in the presence of 10 M MIX to about 1%. In the 
latter case, the release of LDH even exceeds that of chymotrypsin. 
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Tab le I. Effect of different substances on the release of chymotrypsin and 
LDH from slices of rat pancreas. 
Control 
Carbachol ΙΟ - 5 M 
Dibutyryl cycl i с AMP 10~3 M 
MIX 1(f2 M 
Chymotrypsin 
3.3 + 0.1% 
15.2 * 1.8? 
6.4 + 1.0? 
5.6 _+ 0.3? 
LDH 
1.9 + 0.7? 
4.6 + 0.7? 
4.7 + 0.9? 
7.1 *_ 0.8? 
+ + 
η 
10 
7 
7 
8 
Expressed as percentage of the initial content of these enzymes in the 
si i ces. 
+ + 
Release of both enzymes is determined from the indicated number of slices. 
It could also be that the tissue slices, although only 0.5 mm thick, would 
still contain unstirred ductal spaces. In that case part of the increased 
enzyme release, observed with the different substances, could be the result 
of a stimulation of the fluid secretion, flushing the already secreted 
enzymes from the ducts into the medium. To test whether such a "wash-out" 
effect could indeed have contributed to the observed en/yme release, the 
effect of sythetic secretin on the chymotrypsin release has been assessed. 
This hormone augments fluid secretion, but barely affects enzyme secretion 
from the cannulated rat pancreas in vivo (Dockray, 1972; Chapter 6). As shown 
in Fig 3, no significant increase of the enzyme release is detectable with 
3.10~8 M and ΙΟ - 7 M secretin. 
2.4 Discussion. 
Incubation of pancreatic tissue slices in a chemically defined medium and 
measurement of the appearance of a secretory enzyme in the medium has been 
widely applied as a model for the study of pancreatic enzyme secretion. The 
approach has proven very useful, especially in combination with morphological 
techniques, in elucidating many aspects of the mechanism and metabolic 
requirements of pancreatic enzyme secretion. 
Nevertheless, some potential draw-backs adhere to this approach, which 
usually are not well recognized. One important feature of the slices system is 
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the abolition of the spatial separation between the serosal and luminal 
compartmenls. As a consequence, enzyme secret ion via the apical plasma membrane 
is Indistinguishable from the release of en/yme across the basal and lateral 
plasma membranes of the acinar cells, caused by loss of cellular integrity. 
In order to obtain a qualitative indication whether this factor could have 
been involved in the observed stimulatory effects, the release of LDH has 
also been determined in some cases. 
Another potential pitfall of the slices technique, namely the possible 
sequestration of already secreted enzyme in unstirred ductal spaces and 
their release into the medium by stimulation of fluid secretion, has been 
shown in this study to be of no importance, since synthetic secretin has no 
effect on the chymotryps ir. release. The massive release of amylase, observed 
by Helsler et al (1974) to occur from rat pancreas slices during incubation 
with a crude preparation of natural secretin, should therefore be ascribed 
to contamination with pancreozymin. 
In accordance with the observation of other authors (Robberecht and 
Christophe, 1971; Bauduin et al, 1971; Heisler et al, 1972), the present 
study shows that carbachol stimulates chymotrypsin release from rat pancreas 
slices. The four-fold stimulation, observed by us with 10 M carbachol, 
agrees with the results of Bauduin et al (1971), who find a 3.3-fold 
-6 -4 
stimulation by 10 M and seven-fold by 10 M carbachol. We wish to stress 
however the large variability in the carbachol effect, with a complete lack 
of effect in about one fifth of the total number of experiments. An even 
more consistent lack of effect of cholinergic stimulation has been observed 
by Halg and Lamb (1972), who find a parallel time-course for the release of 
amylase and beta-glucuronidase (a lysosomal marker enzyme) from rat pancreas 
slices during incubation under basal conditions and in the presence of 
cholinergic compounds. The poor effect of carbachol might be due to 
insufficient oxygenation. This is not very likely, however, since Haig and 
Lamb (1972) find a preferential release of amylase with pancreozymin, and 
in our experiments we have maintained a intensive oxygenation. Hence, it 
seems more probable that there is an autolytic destruction of the 
cholinergic receptor in vitro. 
In the experiments where carbachol has no effect the other substances 
tested within the same experiment invariably are also inactive. These results 
have nevertheless been used for the calculation of the mean effect of these 
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substances, since a causal relation between the mode of action of carbachol 
and that of the other tested substances cannot be a priori assumed to exist. 
Beside that of chymotrypsin, the release of LDH is also increased nearly 
three-fold by carbachol. When expressed as percent of the initial content, 
the release of LDH is only one third of that of chynotrypsi π, suggesting that 
the majority of the carbachol-stimulated chymotrypsin release occurs by secre­
tion via the apical plasma membrane. 
The effect of PzO has not previously been studied in a pancreatic slices 
system. Comparison of our results with the dose-response curve for natural 
porcine pancreozymin in the same system (Bauduin et al, 1971) shows that 
3.10 M of the octapeptide (corresponding to 0.3 pg/ml) would be equivalent 
to 0.01 Ivy Unit (IU)/ml, resulting in an apparent bio-activity of 330 lU/mg. 
This is about ten times less than the bio-activity of the pure porcine 
hormone (Jorpes and Mutt, 196Θ), and about 50 timos less than the value for 
this octapeptide assayed in the cat or dog pancreas in vivo (Ondetti et a I, 
1970). This low bio-activity of the octapeptide in vitro as compared to its 
effect in vivo and to the natural hormone may be caused by a more rapid 
inactivation of this compound by peptidases released into the bathing me­
tí i um. 
With exogenous cyclic AMP in a concentration of up to 10 M we observe 
a slight but statistically not significant effect on chymotrypsin release, 
whereas with dibutyryl cyclic AMP a clear stimulation is found already at 
-4 10 M. This is also in good agreement with the results of Bauduin et al 
(1971). The stimulation by dibutyryl cyclic AMP is not due to its being a 
source of butyrate, since the latter substance has no effect, but it may well 
be ascribed to its better penetration into the acinar cells or its greater 
resistance towards inactivation by phosphodiesterase as compared to cyclic 
AMP. The first explanation is probably more relevant, since cyclic AMP has no 
effect in combination with papaverine either. Positive effects on chymotrypsin 
release are also obtained with papaverine, either alone or in combination with 
cyclic GMP, and with MIX. These positive effects might well be due to their 
capacity to inhibit the cyclic AMP phosphodiesterase, and thus to elevate 
the intracellular level of cyclic AMP. The potentiation of the papaverine 
effect by cyclic GMP can also be explained on this basis, since cyclic GMP is 
an inhibitor of the pancreatic cyclic AMP phosphodiesterase (Rutten et a I, 
1973 ) and in liver has been shown to enter the cells readily (Exton et al, 
- 32 -
1971). 
However, alternative explanations for the observed effects must also 
be considored. Both dibutyryl cyclic ΛΜΡ and MIX cause the release of about 
equal fractions of the initial contents of chymotrypsι η and LDH from tho 
slices, indicating that at least part of the effect may be ascribed to a 
loss of cellular integrity, induced by these substances, rather than to an 
elevated exocytotic activity. It might be argued, that the cytoplasmic 
enzyme LDH would be lost more readily from the acinar cells than the granule-
bound chymotrypsιnogen molecule. On the other hand, the mere observation of 
the increased LDH release is a symptom of decreased cell viability, and 
even if the enhanced chymotrypsι η release is due to an activation of the 
exocytotic apparatus, the effect might be a toxic, rather than a 
physiological one. 
In conclusion, therefore, the collected data offer some support for the 
hypothesis that cyclic AMP is involved in the regulation of pancreatic enzyme 
secretion, but the evidence is not conclusive. Part of the ambiguity is due 
to the inherent short-comings of the slices system, which has therefore been 
abandoned in our further studies of the role of cyclic AMP in pancreatic 
secret ion. 
It has recently been shown that the intracellular concentration of cyclic 
GMP increases rapidly after in vivo administration of cholinergic compounds 
and pancreozymin (Robberecht et al, 1974). However, our studies offer only 
little support for the contention that cyclic GMP would be the second 
messenger in pancreatic enzyme secretion. The positive effect of 10 M 
dibutyryl cyclic GMP is the only piece of evidence. This result is however 
difficult to reconcile with the inhibitory effect of the parent compound 
cyclic GMP in concentrations as low as 10 M. Consequently, we have not 
further investigated the possible role of cyclic GI^ P in enzyme secretion. 
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CHAPTER 3. HORMONAL ACTIVATION OF THE RAT PANCREAS ADENYLATE CYCLASE. ROLE 
OF PHOSPHOLIPIDS. 
3.1 Introduction. 
In order to ascertdin whether cyclic AMP is involved in tho regulation 
of enzyme secretion by pancreozymin, or in thai" of the fluid secretion by 
secretin, or perhaps in both secretory processes, wo must first determine 
the presence of an adenylate cyclase stimulated by the particular hormone 
in the pancreatic cells. A study of this kind has boon initiated by Rutton 
et al (1972), who established the occurrence and properties of an adenylate 
cyclase activity in rat pancreas broken cell preparations. 
Briefly, they found that this enzyme can be stimulated considerably by 
both secretin and pancreozymin, although the haif-maximally stimulating 
concentration of the latter hormone was about 100 times higher than that of 
the former. By selective peroxidation, ¡t could be shown that the pancreo-
zymin effect was not due to contamination of the pancreozymin preparation 
by secretin. The effects of the two hormones, when added together in 
maximally stimulating concentrations, are not additive, suggesting that both 
hormones act on the same adenylate cyclase. 
In this and the following chapter, further investigations aro presented 
concerning the nature of the hormonal stimulation of the га i" pancreas 
adenylate cyclase. 
Nowadays the adenylate cyclase complex is thought to consist of at least 
two different functional components: a catalytic subunit, located at the 
inner side of the plasma membrane and thus accessible to its substrale ATP, 
and a hormone receptor subunit, located at the outer surface of the plasma 
membrane (Rodbell et al, 1970). 
Furthermore, a number of recent studies, mostly with plasma membrane 
prepara hi ons of rat fat cells or rat liver, have provided more detailed 
insight in the characteristics of the adenylate cyclase system. The 
following aspects are to be mentioned here: Í1) membrane lipids are involved 
in the proper functioning of both the catalytic unit and the receptor unit 
(Birnbaumer et al, 1971, Pohl et al, 1971; Levey, 1971; Rethy et al, 1972), 
(2) more than one receptor can act on one catalytic unit (Birnbaumer and 
Rodbell, 1969; Rodbell et al, 1970), and (3) guanyInucleoti des can influence 
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the efficacy* (Rodbell et al, 1971b; Birnbaumer et al, 1974) as well as the 
potency* (Rodbell et al, 1971a; Rodbell et al, 1974; Nakahara and Birnbaumer, 
1974) of the hormone. For recent general reviews of the matter, see 
Birnbaumer (1973) and Perkins (1973). 
In our first attempts to reproduce the observations of Rutten et al 
(1972), we noticed a rapid decrease of hormone sensitivity during the 
enzyme preparation and assay. This prompted the question whether the 100-fold 
lower potency of pancreozymin than of secretin, as found by Rutton et al, is 
a real or an artificial difference in hormone sensitivity. Studies concerning 
this question, presented in this chapter, show that the rat pancreas 
adenylate cyclase is a labile enzyme, and that phospholipids are involved in 
maintaining its hormone sensitivity. 
In the next chapter we describe investigations, aimed at determining 
whether the two hormones activate this pancreatic adenylate cyclase by way 
of the same or of two different receptors, and also whether 
guanyInucleotides are effective ¡n the process of hormone stimulation of rat 
pancreas adenylate cyclase. 
3.2 Materials and methods. 
3.2.1 Materials. 
The same preparations of synthetic secretin and of pancroozymin-C-
octapeptide (PzO) are used as mentioned in chapter 2. 
32 The substrate alpha- P-ATP (specific activity 5-10 Ci/mmole on arrival, 
dissolved in 50% ethanol) is purchased from the Radiochemical Centre, 
Amersham, England. Some batches contain an unidentified radio-active 
impurity, co-chromatographIng with cyclic AMP In the adenylate cyclase assay, 
which causes high blank values. This impurity is removed by applying the 
whole batch on a 0.5 χ 3 cm column of Dowex-50-X8 cation exchange resin, 
previously brought in the Η -form with 1 M HCl, and washed with 20 ml double-
distilled water. After application of the sample the labeled ATP is eluted 
with 3 ml double-distilled water, yielding more than 80% of the initial radio­
activity. The eluate is kept stored at -70° C. 
*See 3.2.6. 
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ATP (disodium), cyclic AMP (free acid), PEP (monopotassium), pyruvate 
kinase (cristalline suspension in 3.0 M ammon¡umsuI fate) are obtained from 
Boehringer, Mannheim, W. Germany. Theophylline is purchased from Merck, 
Darmstadt, W. Germany. 
Phosphatidylcholine is prepared from egg yolk according to Pangborn 
(1951). Phosphatidylethanolamine, phosphatidyIserine and phosphatidyIinosi tol 
are isolated from bovine brain white matter by column chromatography on DEAE-
cellulose, as described by Rouser et al (1969). For phosphatidyIserine, the 
modification of Sanders (1967), is used. After elution from the column, 
phosphatidyI inositol is further purified by preparative thin layer 
chromatography on silica-gel. The phospholipids are stored in benzene-
ethanol (4:1, by vol.) at -20° С PhosphatidyI i nos¡tol from pig liver is 
obtained from Serdary Research, London, Ontario, Canada. LysophosphatidyI-
choline has been prepared by Dr. Daemen of this laboratory from egg yolk 
phosphatidylcholine by treatment with snake venom phospholi pase, followed 
by extraction in hexane-ethanol until Chromatograph i cally pure, and is 
stored in 95% ethanol at -20 C. Palmitic, oleic and linoleic acid are from 
Fluka, Buchs, Switzerland. 
Bovine serum albumin (Cohn fraction V) and soybean trypsin inhibitor are 
obtained from Sigma Chemical Co., St. Louis, Mo., USA. Bovine serum albumin 
is freed of fatty acids according to Chen (1967). 
Silica-gel HR (used for the preparative thin layer chromatography) and 
ρ 
ChromAR-sheet 500 are bought from Mal I i n c k r o d t , S t . L o u i s , Mo., USA. 
A l l o t h e r chemicals are o b t a i n e d commercia l ly in th e h i g h e s t a v a i l a b l e 
p u r i t y . 
3.2.2 Tissue preparation. 
The pancreas of one male W i s t a r r a t , 200-300 g body w e i g h t , is c a r e f u l l y 
d i s s e c t e d , f r e e d from adher ing f a t t j s s u e , minced by s c i s s o r s and homogenized 
by hand in a Dounce homogenizer, equipped w i t h a loosely f i t t i n g p e s t l e , in 
4 ml of i c e - c o l d homogenizing medium, c o n t a i n i n g 10 mM T r i s - H C I , 2.5 mM MgCI-, 
2.5 mM NajEDTA and 0.2 mg/ml soybean t r y p s i n i n h i b i t o r , a d j u s t e d t o pH 7 . 4 . 
The homogenate is f i l t e r e d through 4 layers of medic inal gauze, th e 
f i l t r a t e is poured in two t h i c k - w a l l e d g lass c e n t r i f u g e - t u b e s , and c e n t r i f u g e d 
in a r e f r i g e r a t e d S o r v a l l RC-2B c e n t r i f u g e f o r 5 min a t 8000 χ g . The super-
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natant ¡s aspirated with a pasteur pipet and discarded; the pellet is 
resuspended (by means of a teflon pestle fitting in the centrifuge tubes) in 
2 ml of the homogenizing medium. This washing procedure is repeated twice; 
the last time the pellet is resuspended in 1 ml of the homogenizing medium. 
The resulting particulate suspension is used immdiately as enzyme preparation 
in adenylate cyclase assays. The remainder is stored at -15 С for subsequent 
protein determination. 
3.2.3 Adenylate cyclase determination. 
Adenylate cyclase assays are performed according to the method of Rutten 
et al (1972). The incubation medium is prepared by mixing equal volumes (5 
μΙ per assay) of the following solutions: 0.4 M Tris-HCl (pH 7.4), 50 mM 
МдСІ2, 100 mM theophylline, 50 mM PEP (pH 7.4), 2 mg/ml pyruvate kinase 
(Boehringer preparation 5-fold diluted in 40 mM Tris-HCl, pH 7.4), and 4 mM 
5 32 
ATP. An amount of 5.10 cpm per assay of alpha- P-ATP is placed on the 
bottom of a vial, and is blown dry with a stream of air. The above mixture 
is added and swirled in the vial to dissolve the labeled ATP. The latter in­
creases the total ATP concentration by 0.01 - 0.2 mM, depending on the specific 
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activity of the alpha- P-ATP. Thirty μΐ of the fluid mixture is then placed 
in each of a number of propylene micro-test-tubes. Each tube is supplemented 
with 10 μ I double distilled water or 10 μΙ of a solution of the substance 
(adjusted to pH 7.4) to be tested for its effect on adenylate cyclase 
activity. 
The rack with test-tubes is suspended in a water-bath at 37 С After 3 
min ρ re-i neubat¡on the reaction is started by adding 10 μΙ of the enzyme 
preparation and rapidly mixing the contents of the test-tube. The final 
concentrations of the constituents of the incubation-medium are then as 
follows: 0.4-0.6 mM ATP, 46 mM Tris-HCl, 5.5 mM MgCI2, 0.5 mM Na 2 EDTA, 10 mM 
theophylline, 5 mM PEP, 0.2 μ9/ΓηΙ pyruvate kinase, 60 mM (NH4)2S04, 40 μ9/ΓτιΙ 
trypsin inhibitor. Blanks are run with 10 μΙ of pre-boi led enzyme preparation. 
Unless stated otherwise in 3.3.1-3, the incubations are carried out for 10 
min at 37 С The reaction is terminated by placing the tubes in boiling 
water for 2 min, and thereafter in ice; 5 μΙ of a solution of 5 mg/ml cyclic 
AMP is added, and the tubes are centrifuged for 1 min at 7,000 χ g to sediment 
the coagulated particles of the enzyme preparation. 
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The separation of P-cyclic AMP from labeled ATP, ADP, AMP, P. and PP. 
is achieved by thin-1 ayer chromatography according to Woods and Waitzman 
(1970). Forty μΙ of the clear supernatant of each tube is placed 2 cm above 
the edge of a 20 χ 21.5 cm piece of glass-fiber sheet, impregnated with 
silica-gel (ChromAr-sheet ). The spots are kept as small as possible by 
means of a stream of hot air. Nine spots (including one blank) are 
accomodated on one sheet. 
After developing the thin layer in a mixture of 2-propanol, ethylacetate 
and 13 N ammonia (59-25-16, by vol.), the spots on the chromatogram are 
visualized under 254 nm UV light. Cyclic AMP has an R, of approximately 0.40 
in this developing medium, while all the other labeled substances have a 
negligible mobility. The cyclic AMP spots and the spots at the origin are 
marked,' cut out, and placed in scinti I lation vials. The vials are fi I led with 
ρ 
10 ml of a solution of 4 g Omnifluor per liter toluene, and radio-activity 
(cpm) is determined in a Philips liquid scintillation spectrometer. 
The fraction of ATP, converted into cyclic AMP, is calculated from the 
radio-activity determinations; this fraction, multiplied by the amount of 
ATP, initially present in the incubation medium (20 - 30 nanomoles), yields 
the amount of cyclic AMP, formed during the incubation. The blank value 
(about 150 cpm maximally, corresponding to about 6 picomoles cyclic AMP) is 
subtracted from the values, obtained for the other spols on the same chroma­
togram. All determinations are performed in duplicate. After determination 
of the protein concentration in the enzyme preparation by the method of 
Lowry et al (1951), using bovine serum albumin as standard, the activities 
are expressed as picomoles cyclic AMP formed per mg protein рог 10 min. 
3.2.4 Phospholïpase A determination. 
Phospholi pase A activity is determined ti trimetri cal I y in a pH-stat 
according to Figarella and Ribeiro (1971). The substrate medium is slightly 
modified so as to approximate the homogen i zat ion medium described in 3.2.2, 
and contains 0.5 mM Tris-HCI, 0.6 mM sodium desoxycholate, 2.5 mM MgCI7, 
2.5 mM Na7 EDTA and 0.2 mg/ml soybean trypsin inhibitor, adjusted to pH 7.4. 
The reaction is started by addition of the enzyme preparation to the 
substrate medium in the titration vessel. The reaction medium is stirred 
continuously, and kept at 37 С under a nitrogen atmosphere. Enzyme activity 
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¡s measured as the initial rate of NaOH consumption. 
3.2.5 Preparation of phospholipid suspensions. 
Phospholipids and fatty acids are added to the adenylate cyclase 
incubation medium in the form of lipid suspensions. For that purpose, 
phospholipids (after evaporation of their solvent by a stream of nitrogen) 
and fatty acids are sonicated in the homogenizing medium described in 3.2.2 
under a nitrogen atmosphere in a thick-walled glass-tube kept in ice. A 
Branson soni fier type В 12, equipped with microtip, is used and sonication is 
performed in 10 sec periods at a power delivery of 50 W, until no further 
clarification is observed (2 min maximally). 
3.2.6 Definition of terms. 
The height of the response, obtained with a maximally stimulating con­
centration of a given substance is referred to ¡n this text as the "efficacy" 
of this substance toward the adenylate cyclase, or conversely as the 
"responsiveness" of the adenylate cyclase toward the substance. The con-
centration of the substance required for the half-maximal stimulation of the 
adenylate cyclase (sometimes denoted as К ) is referred to as a measure of 
a 
the "potency" of the substance toward the adenylate cyclase. 
It is realized, that the observed К of a substance gives no direct 
a 
information on the behaviour of this substance as a ligand for its presumed 
receptor. The hormonal activation, for instance, is not a simple function 
of receptor-occupation (Rodbell et al, 1974), which is possibly due to the 
presence of an excess of receptor-units ("spare receptors") over the amount 
of catalytic units. In another model, recently proposed by Cuatrecasas 
(1974), receptor units and catalytic units are viewed as independent protein 
molecules, moving freely in the lipid bilayer of the plasma membrane. 
Activation of the catalytic unit is envisioned in this model to result from 
the association of a receptor unit with a catalytic unit, the affinity of 
both types of subunits for each other being elevated when the receptor is 
occupied by its ligand. Viewed in this perspective, it is understandable 
that conditions, affecting the potency of a substance in stimulating the 
adenylate cyclase activity, can do so by interfering either with the 
affinity of the receptor for this substance or with the affinity of the 
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catalytic unit for the free or occupied receptor unit. 
Since we have not performed binding studies, we have no information on 
the affinity of the receptors for the different activating substances 
investigated in this study, and therefore can make only tentative suggestions 
on this point. 
The effect of two substances, given simultaneously, is called "additive", 
when this effect is equal to the sum of the effects, obtained with each of 
the substances alone. The effects of two substances are said to "potentiate" 
each other, when the combined effect is more than additive. 
3.3 Results. 
3.3.1 Stability of the adenylate cyclase activity. 
In preliminary experiments it had been noticed that brief preincubation 
of the enzyme preparation at 37 С yields decreased basal and fluoride-
stimulated adenylate cyclase activities with a decreased sensitivity to the 
hormones. This suggests, that inactivation of the cyclase can take place 
during the normal assay procedure. In order to determine, at which stage of 
the procedure this may occur (preparation of the ΘΟΟΟ χ g, 5 min pellet at 
О С or enzyme assay at 37° C), the effects of pre-i neubat¡on at 0 and 37° С 
on the basal and hormone- or fluoride-stimulated activities have been 
invest¡gated. 
Fig 6 shows that after 30 min pre-incubation at 0 С the stimulation by 
3.10 M PzO, and to a smaller extent that by 3.10 M secretin, are 
reduced with respect to the controls, but that the basal and fluoride-
stimulated activities are not affected. On the other hand, pre-incubation at 
37 С for 1 min considerably decreases both the basal activity, as well as 
the stimulation by both hormones and fluoride. These findings suggest, that 
the hormone sensitivity of the adenylate cyclase, particularly that to PzO, 
can already decrease during the preparation of the particulate fraction at 
0° C, whereas the catalytic capacity of the enzyme is affected during a pre­
incubation at 37 C. Rutten et al (1972) find that the time-course of fcyclic 
AMP production in the presence of NaF is linear for at least 20 min at 37° C. 
So, the decrease of the catalytic capacity apparently does not occur during 
the assay incubation, possibly because of protection by the substrate. Hence, 
we shall not further consider this aspect. 
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pré-incubation of enzyme preparation 
[ ^ ] 30min at 0°C Щ Imm at 37 °C 
Basal Δ PZO Δ Secretin Δ NaF 
Fig 6. Effects of pre-incubation of the enzyme préparation on the basal and 
stimulated rat pancreas adenylate cyclase activities, expressed as the percen-
tage of the activity without pre-incnòation in each case. PZO, Secretin and 
NaF refer to activation due to the presence of 3.10~7M pancreozymin-C-
octapeptide, 10~7 M secretin and 10~^ M NaF, respectively. The length of the 
vertical lines represents the standard error for three experiments with 
different enzyme preparations. 
Further experiments have been aimed at determining whether phospholi pase 
A activity, normally present in the pancreas, may be responsible for the 
observed decrease in hormone sensitivity. It is known, that phospholi pase A 
can selectively decrease or abolish the hormone sensitivity of liver or 
thyroid adenylate cyclase without affecting the basal and fluoride-stimulated 
activities (Pohl et al, 1971; Yamashita and Field , 1973; Rubalcava and 
Rodbell, 1973). When assayed in a medium, similar in ionic composition to 
that of the homogen ization medium, the washed particulate fraction used as 
the enzyme preparation appears to contain 38? (SE = Ъ%; η = 3) of the 
phospholipase activity initially present in the freshly prepared whole 
homogenate. 
3.3.2 Effects of addition of phospholipids to the assay medium. 
Fig 7 shows that the stimulation of the adenylate cyclase activity by 
3.10 M PzO is greatly increased by addition of phosphatidyIserine in 
increasing concentrations. The stimulation by 10 M secretin, which is much 
higher than that by PzO in the absence of added phospholipid, is only 
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Fig 7. Effects of addition to the assay-medium of increasing concentrations 
of phosphatidylserine (PS) on basal and stimulated rat pancreas adenylate 
cyclase activities. Observations of a single experiment. PZO: pancreozymin-
C-oatapepttde. 
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Fig 8. Effect of addition of increasing concentrations of various 
phospholipids on the pancreozymin-C-octapeptide (3.10 4) stimulated.rat 
pancreas adenylate cyclase activity. D — D ; phosphatidylcholine (PC); 
Δ — Δ .· phosphatidylserine (PS); О — О ; phosphatidylethanolamíne (PE); 
· — · : phosphatidylinositol (PI). Observations of a single experiment. 
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slightly increased by the addition of phosphatidyIserine. The basal and 
fluoride-stimulated activities are not significantly affected by the phospho-
I¡pid. 
Various natural phospholipids have been tested for their effect on the 
PzO-stimulated adenylate cyclase activity (Fig 8 ) . In a concentration of 
1 mg/ml, the effect decreases in the following order: phosphatidylcholine 
> phosphatidyI seri ne > phosphatidylethanolamine > phosphatidyI¡nositol. 
PhosphatidyI inositol from pig liver has a slight effect, but that from bovine 
brain is not effective at all. None of these phospholipids has an appreciable 
effect on the basal activity in the concentrations tested. The optimal effect 
of phosphatidyIserine is found between 1.0 and 2.5 mg/ml; addition of 5 
mg/ml has little effect, while higher concentrations are inhibitory to the 
basal as well as the hormone-stimulated activity (Fig 9 ) . 
The stimulation curve for PzO is markedly shifted to lower hormone 
concentrations by the addition of 1 mg/ml phosphatidyIserine (Fig 10). The 
half-maximaIly stimulation concentration of the hormone in the presence of the 
phospholipid is 1.5.10 M in this particular experiment, while this value 
in the absence of added phospholipid is at least 7.10 M. 
3.3.Ζ Mechanism of the phospholipid effect. 
Addition of phospholipid during preparation or pre-incubation of the 
pat-ticulate fraction in the cold is no more effective than addition at the 
start of incubation (not shown). This suggests that the added phospholipid 
cannot protect the adenylate against inactivation during its preparation in 
the cold. 
In the absence of added phospholipid, the PzO-stimulated rate of cyclic 
AMP production decrease rapidly after the first minute of incubation at 37 
C, whereas in the presence of 1 mg/ml phosphatidyI ser i ne it remains constant 
for at least 10 min, and decreases only little in the next 10 min (Fig 11). 
In combination with the finding that phosphatidyI serine has no effect on the 
basal and fluoride-stimulated production rates (Fig 7),this suggests that the 
added phospholipid acts by preventing a reduction in the hormonal stimulation 
during incubation. Fig 11 also shows that upon addition of the phospholipid 
2 min after the start of the incubation (circles) the activity in the presen­
ce of PzO is not higher than that observed without addition of phospholipid 
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mg/ml PS added 
Fig 9. Effect of increasing concentrations of phosphatidylserine (PS) and 
lysophosphatidylcholine (LPC) on the basal and pancreosymin-C-octapeptide 
(3.10 d) stimulated rat pancreas adenylate cyclase activities. Results of 
a single experiment. 
10 ' 3-10"' 10"° з і с г 
pancreozymin - oclapeptide ( M ) 
Fig 10. Effect of increasing concentrations of pancreozymin-C-octapeptide 
on rat pancreas adenylate cyclase in the presence or absence of 1 mg/ml 
phosphatidylserine (PS) Results of a single experiment. 
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incubation t ime (mm) 
Fig 11. Time course for the panoreozyrm-n-C-octapeptide (3.10 У) stimulated 
formation of cyclic AMP by rat pancreas adenylate cyclase. Phosphatidyl-
serine (1 mg/ml) is absent ( Δ — Δ ) , present from t=0 ( • — D ) , or added 
after 2 min ( О— О ) . Results of a single experiment. 
(triangles). This indicates, that the major inactivation of the PzO-
sensitivity occurs during the first 2 min of the incubation at 37° C. 
In view of the likelihood that the decrease in hormonal activation is 
due to the action of phospholipase A, endogenously present in the particulate 
fraction, we have investigated the effects of the products of phospholipase 
action: lysophosphoIipids and free fatty acids. 
Addition of iysophosphatidyIcholine in concentrations below 2 mg/ml 
results in a small enhancement of the effect of PzO, while only at higher 
concentrations the hormone-stlmula"led activity is greatly inhibited (Fig 9 ) . 
Thè basal activity is decreased by all tested concentrations of 
lysophosphatidyIcholine. The enhancement of the hormone-effect at low 
concentrations indicates that endogenously formed lysophospholi pids cannot 
be responsible for the hormone receptor inactivation. 
Palmitic, oleic and linoleic acid inhibit the PzOstimulated adenylate 
cyclase at lower concentrations, the saturated acid being less inhibitory 
than the unsaturated ones. In a concentration of 0.5 mg/ml, palmitic acid 
lowers the activity by 2Ъ%, and oleic acid by 42Í? (Fig 12). An inhibition of 
52% is observed with 0.2 mg/ml linoleic acid, while with 0.5 mg/ml this effect 
is 79? (not shown). 
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Fig 12. Effects on the basal and pancreosymin-C-ootapeptide (Z.10~7M) 
stimulated rat pancreas adenylate cyclase activities of 0.5 mg/ml palmitic 
or oleic acid, 10 mg/ml bovine serum albumin, alone or together with 0.5 
mg/ml oleic acid, 10 mg/ml fatty-acid-depleted bovine serum albumin, 1 mg/ml 
phosphatidylserine, alone or together with 0.5 mg/ml oleic acid, and 10 mg/ 
ml bovine serum albumin with 1 mg/ml phosphatidylserine. Results of a single 
experiment. 
The fatty acid inhibition has been further investigated by testing 
whether bovine serum albumin, which is known to bind fatty acids, can 
elevate the hormone response. The addition of 10 mg/ml bovine serum albumin 
to the assay-medium indeed results in a greatly increased stimulation by PzO, 
while the basal activity is again not affected (Fig 12). However, when oleic 
acid and serum albumin are added together, nearly the same amount of 
inhibition is found as with oleic acid alone (Fig 12). Furthermore, a fatty-
acid depleted preparation of serum albumin causes the same increase in 
hormone-stimulated activity as does untreated serum albumin (Fig 12). Finally, 
oleic acid gives the same degree of inhibition in the presence of 1 mg/ml 
phosphatidylserine as in its absence (Fig 12). Simultaneous addition of 
serum albumin (10 mg/ml) and phosphatidylserine (1 mg/ml) does not give more 
stimulation than albumin alone (Fig 12). 
3.4 Discussion. 
The first reason for undertaking these studies was the 100 times lower 
sensitivity of the rat pancreas adenylate cyclase towards pancreozymin than 
to secretin, observed previously by Rutten et al (1972) in our laboratory. 
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The non-additivity of the effects of two hormones, which was noticed in the 
same study, suggests that the activity represents a single enzyme. The 
available evidence for a role of cyclic AMP in the stimulation of pancreatic 
enzyme secretin (Ridderstap and Bonting, 1969 ; Rutten, 1974; KuIka and 
Sterniicht, 1968; Bauduin et al, 1971), and the fact that 80? of rat pancreas 
volume consists of acinar cells (Hegre et al, 1972) would favour the conclus-
ion that this enzyme would be located in the acinar cells. In this light, the 
low sensitivity of the enzyme to pancreozymin was surprising. 
The possibility of an artifactual loss of hormone sensitivity during 
preparation and/or assay of the enzyme has been considered. Evidence for such 
a loss is obtained from the experiments in which the particulate fraction 
serving as the enzyme preparation is pre-incubated at 0 C. Pre-incubât ion 
for 30 min at 0 С decreases the stimulation by PzO strongly, but has little 
effect on the basal, secret in-stimulated and fluoride-stimulated activities. 
Since the preparation of the particulate fraction requires exposure for 
about 30 min at 0 C, it seems likely that especially the pancreozymin 
receptor is damaged during this procedure. Cyclic AMP production in the 
presence of PzO during assay at 37 С is linear for at most 1 min and after 
10 min all activity is lost, indicating a further loss of pancreozymin-
sensitivity during the assay. 
Recent reports that treatment with phospholi paso A_ or С causes a loss of 
hormone sensitivity of adenylate cyclase in other tissues, without (Pohl et 
al, 1971; Yamashita and Field, 1973; Rubalcava and Rodbcll, 1973) or with 
(Rethy et al, 1971, 1972) loss of basal and fluoride-stimulated activity, 
suggested an explanation. Phospholi pase activity is present in our adenylate 
cyclase preparation, even after repeated washing with a hypotonic salt 
solution, which is known to sol ubi I¡ze secretory enzymes from isolated 
zymogen granules (Burwen and Rothman, 1972). Since in our experiments trypsin 
inhibitor and EDTA are present throughout, the pro-enzyme of phospholi pase 
A- is unlikely to be activated (De Haas et al, 1968), but phospholi pase Α. 
(White et al, 1971) and lipase (Meldolesi et al, 1971) can be active under 
these conditions. 
In studies where hormone sensitivity is intentionally lowered by treat­
ment with phosphol¡pase A-, partial recovery is observed upon addition of 
phospholipids (Pohl et al, 1971; Yamashita and Field, 1973; Rethy et al, 
1972). In our case the addition of 1 mg/ml phosphatidylserine to the adenylate 
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cyclase assay medium gives a clear activation of the PzO-stimuIated activity, 
while the other activities are little or not affected. This strengthens fhe 
suggestion that the previously observed low pancreozymin sensitivity has 
been due to (phospho)I i pase activity during preparation and assay of the 
adenylate cyclase. The finding of Rutten et al (1972) that treatment of the 
rat with a combined injection of pancreozymin and secretin raises the 
hormone-stimulated pancreatic adenylate cyclase activity, may then be ascrib-
ed to a depletion of (phospho)I i pase from the pancreas before the animal is 
sacri f¡ed. 
Of the various phospholipids tested, phosphatidylcholine is most 
effective; phosphatidylethanolamine is less effective than phosphatidyI seri ne, 
while two different preparations of phosphatidyIinosito I have little or no 
effect. This phospholipid specificity differs from that reported for rat 
liver adenylate cyclase (Pohl et al, 1971; Rethy et al, 1972), but is similar 
that for thyroid adenylate cyclase (Yamashita and Field, 197j). 
Assuming then, thah the hormone stimulation can be decreased by the 
action of endogenous (phospho)I i pase, the question arises how this process 
takes place. One possibility is that the endogenous (phospho)I i pase direct-
ly attacks and removes phospholipids which are essential in the hormonal 
activation of the adenylate cyclase. An alternative explanation would be that 
one of the products of (phospho)I i pase action would damage the adenylate 
cyclase. Since lysophosphatidyIcholi ne in concentrations below 2 mg/ml does 
not Inhibit but even enhances the PzO-stimulated activity, it Is unlikely 
that formation of lysophospholi pids plays a role. The inhibitory effect of 
lysophosphatidy1choI i no above 2 mg/ml and of phosphatidyI seri ne above 5 mg/ 
ml may be a detergent effect as observed by Birnbaumer et al (1971) with 
synthetic detergents. 
It is known from the work of Meldolesi et al (1971), that free fatty 
acids occur abundantly in pancreatic subcellular fractions obtained after 
homogen i zat ¡on of the tissue. In our" experiments added fatty acids, particu-
larly unsaturated ones, are found to inhibit the hormone stimulation at low 
concentrations (0.2 - 0.5 mg/ml). This would suggest that the decrease ¡n 
hormonal sensitivity can also be caused by free fafty acids, generated by 
the action of (phospho)1 i pase after the homogen izaf¡on of the tissue. 
Next is the question how added phospholipids can increase the hormone-
stimulation. Our observation that added phosphatidyIserlne does not increase 
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the initial rate of cyclic AMP formation, but keeps it constant for 10 min, 
whereas the rate decreases rapidly without addition of phospholipid, shows 
that the effect consists of a protection rather than a stimulation of the 
hormone action. Three mechanisms can be envisaged for such a protective 
effect. First (1) ,the added phospholipid could saturate the phospholi pase, 
and thus prevent a direct action of the latter on the adenylate cyclase 
complex. This explanaMon seems unlikely however, in view of the similarity 
and non-additivity of the effect of phosphatidyIserine and bovine serum 
albumin. Alternatively (2).protection could be offered by capturing free 
fatty acids, produced by (phospho)I i pase action. This possibility seems to 
be supported by the enhancement of the hormone-effect by addition of bovine 
serum albumin, known for its ability to bind fatty acids. Other observations, 
however, disfavour this explanation: (a) the inhibitory effect of added 
oleic acid is not reduced by simultaneously added serum albumin or phospha-
tidylserine, and (b) fatty-acid-depleted bovine serum albumin has no 
greater effect than untreated bovine serum albumin. Finally (3), the added 
phospholipid or serum albumin may protect the conformation of the adenylate 
cyclase complex, required for hormonal activation. Added phospholipids may 
do so by replacing lost endogenous phospholipids. 
Although we have not obtained maximal enzyme activation by PzO in the 
absence of added phospholipid (Fig 10), it does not seem that the addition 
of phosphatidyIserine causes an increase in the efficacy of the hormone. 
Rather, the ha If-maximaIly activating concentration of the hormone is 
lowered by the added phospholipid. These observahions are consistent with the 
hypothesis, that the added phospholipid or serum albumin protects the 
affinity of the receptor for the hormone, or the affinity of the catalytic 
unit for the occupied receptor (see 3.2.6). 
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CHAPTER 4. FURTHER CHARACTERIZATION OF THE RAT PANCREAS ADENYLATE CYCLASE. 
4.1 I ntroduction. 
Having found, that both secretin and pancreozymin or its C-terminal 
octapeptide can stimulate rat pancreas adenylate cyclase activity (Rutten et 
al, 1972; Chapter 3 of this thesis), it is of interest to know whether each 
of these hormones stimulates a separate adenylate cyclase or whether both 
act on a common enzyme. Rutten et al (1972) have already found that the 
maximal effects of the two hormones are not additive*, suggesting that they 
both stimulate the same adenylate cyclase. 
However, pancreozymin and secretin are strikingly dissimilar peptides, 
and it seems improbable therefore thah they would bind to the same receptor 
unit. In fact, it is demonstrated in the previous chapter that the behaviour 
of the two hormone effects is different with respect to endogenous damaging 
factors (3.3.1) and toward added phospholipids, (3.3.2) supporting indeed the 
view that there'are two separate receptor sites. In the first part of this 
chapter, studies are described aimed at confirming this suggestion. 
A further question, deserving interest, is that of whether there is a 
mechanism, enabling the cell to regulate the responsiveness of its adenylate 
cyclase toward receptor occupation, or the affinity of the receptor for the 
hormone. RodbelI et al (1971) have demonstrated, that the responsiveness of 
the rat liver adenylate cyclase to glucagon is increased, when GTP, GDP or 
guanylyl-methyIenediphosphate (GMP-PCP) is added to the assay-medium. This 
—ñ 
enhancing effect could already been observed with 10 M GTP, and it was 
shown later that it can be mimicked by about 1000-fold higher concentrations 
of ATP (Birnbaumer et al, 1972; Rodbell et al, 1974). The kinetics of the 
GTP effect indicate an allosteric mode of action of this nucleotide (RodbelI 
et al, 1974). 
It has been found furthermore, that the phosphohydrolase-resistent 
analogue guanylyI-imododiphosphate (GMP-PNP), in addition to its ability to 
enhance hormone aci vat i on (Harwood et a 1, 1973), can also considerably 
stimulate the basal adenylate cyclase activity in a number of tissues (Londos 
et al, 1974). 
To further characterize the hormonal activation of the rat pancreas 
*See 3.2.6. 
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adenylate c y c l a s e , we have s t u d i e d the e f f e c t s of GTP and GMP-PNP on t h i s 
enzyme, which is r e p o r t e d in t h e second p a r t of t h i s c h a p t e r . 
4.2 M a f e r i a l s and methods. 
4.2.1 Materials. 
Pure porcine vasoactive intestinal polypeptide (VIP) has been kindly 
donated by Dr. E. Mutt, The Karolinska Institute for Chemistry, Stockholm, 
Sweden, while the synthetic C-terminal tricosapeptide of secretin (STP) is 
a gift from Dr. M. Lucania, The Squibb Institute for Medical Research, 
Princeton, N.J., U.S.A. 
GTP (tri lithium) and GMP-PNP (tetra Iithi um) are obtained from Boehringer, 
Mannheim, W. Germany. All other materials have been mentioned in 3.2.1. 
4.2.2 Methods. 
The p r e p a r a t i o n o f t h e 8.000 χ g p a r t i c u l a t e f r a c t i o n , used as t h e 
enzyme p r e p a r a t i o n , has been described in 3 . 2 . 2 . 
The d e t e r m i n a t i o n of adenylate cyclase a c t i v i t y is performed as d e s c r i b ­
ed in 3 . 2 . 3 ; in t e s t s i n c l u d i n g hormones o r hormone-analogues p h o s p h a t i d y l -
s e r i n e (1 mg/ml) is added t o t h e assay-medium t o m a i n t a i n a l i n e a r t i m e -
course of c y c l i c AMP p r o d u c t i o n (see 3 . 3 . 3 ) . 
4.3 R e s u l t s . 
4.3.1 Effects on rat pancreas adenylate oyalase of secretin and panereozymin-
C-octapeptide, alone or in combination. 
In view of the variabi lity in the absolute amount of the hormone 
stimulation with different enzyme preparations, the activities are expressed 
as the percentage of the. value found with 10 M of the hormone (alone), and 
the means *_ SE of all percentual values obtained for a particular hormone 
concentration or combination of hormone concentrations are plotted in Figs 
13 and 14. 
As shown in Fig 13 maximal stimulation is found with 10 M secretin, while 
the half-maximally activating concentration (K ) lies at 1.5 χ 10 M 
-8 -7 a 
(ranging between 3.10 and 3.10 M in four separate experiments). 
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Fig 13. Effect (means + Sff / o r η > 3) of increasing concentrations of 
secretin on rat pancreas adenylate cyclase activity, added either alone 
( О — О ; for each concentration η is indicated in the figure)} or together 
with 3.10-7 M ( V - V ; n=3) or 10~5 Μ ( Δ - Δ ; n=3) panare o zymin-C-
octapeptide. Activities are expressed as the percentage of the activity with 
10-6 M secretin alone in the same experiment (amounting to 834 + 29 pmoles 
cyclic AMP/10 min/mg protein; n-28). Phosphatidylserine (1 mg/ml) is pre­
sent throughout, η is number of different enzyme preparations. 
Fig 14. Effect (means +_ SE for η > 3) of increasing concentrations of 
pancreozymin-C-octapeptide on rat pancreas adenylate cyclase activity, added 
either alone ( О — О j for each concentration η is indicated in the figure), 
or together with 10-7 м ( V — V ; n=l) or 3.10-6 м ( Δ — Δ ; n=4) secretin. 
Activities are expressed as the ρercentage of the activity with 10-6 M 
pancreozymin-C-octapeptide alone in the same experiment (amounting to 510 
+ 27 pmoles cyclic AMP/10 min/mg protein; n=35). Phosphatidylserine (1 mg/ 
ml) is present throughout, η is number of different enzyme preparations. 
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In the case of PzO (Fig 14), ¡n six out of eight experiments the 
activation by 10 M was significantly smaller than that by 3.10 or 10 
-5 
M PzO. Assuming that the activation by 10 M PzO would have been maximal in 
all experiments, and that this effect would never have exceeded the stimula-
tion by 10~ M PzO by more than ]Q%, the К of this hormone is also 
-7 a 
estimated at about 10 M. However, in five out of nine experiments, a 
-9 -8 
secondary peak of stimulation has been observed at low (10 to 10 M) 
concentrations of PzO (the left curve of Fig 10 represents such an experiment), 
It is shown furthermore in Figs 13 and 14 that the activity obtained 
with 10 M or 3.10 M secretin is slightly but significantly higher than 
_5 
that found with 10 M PzO in the same enzyme preparations. Under the above-
Ц 
mentioned assumption, therefore, the efficacy of secretin is higher than 
that of PzO. 
The concentration-dependence of each hormone effect is also determined 
in the presence of various concentrations of the other hormone. It is 
apparent from Fig 13, that high concentrations of secretin can significantly 
increase the enzyme activity, stimulated by 3.10 M or even by 10 M PzO. 
Vice versa (Fig 14), high concentrations of PzO can elevate the activity, 
obtained with a sub-maximal concentration, but not that with a maximally 
effective concentration of secretin. Thus, the responsiveness of the enzyme 
to both hormones together does not exceed that to secretin alone. 
4.3.2 Effects of hormone-analogues. 
To acquire further information on the mechanism by which the two 
hormones interact with the adenylate cyclase, we have investigated the effect 
of some hormone-analogues. 
As secret i η-ana logues we have tested the natural porcine vasoactive 
intestinal polypeptide (VIP) and the synthetic C-terminal tricosa peptide of 
secretin (STP), respectively. Pentagastrin is used as the pancreozymin-
analogue. 
As shown in Fig 15, VIP stimulates rat pancreatic adenylate cyclase 
-4 
considerably. Assuming that 10 M is the maximally stimulating concentration 
_5 
of VIP (in two out of five experiment 10 M was already maximal), half-
maximal activation occurs at about 10 M. When tested upon the same enzyme 
preparation, a maximally stimulating concentration of secretin (10 M) 
*See 3.2.6. 
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Fig 15. Effect (means + SE for η > 3) of inoreasing oonoentrations of vasoac­
tive intestinal· polypeptide on rat panareas adenylate cyclase activity, added 
either alone ( О — О ; n=5) or together with 10-7 M ( Ш — Ш ; n=l) or 10-6 м 
( D — D ; n=l) secretin, or with 10-6 M ( Δ — Δ ; n=l) panereozymin-C-octapep-
tide. Activities are expressed as the percentage of the activity with 10-4 м 
VIP alone in the same experiment (amounting to 418 + 40 pmoles cyclic AMP/10 
min/mg protein). Phosphatidylserine (1 mg/ml) is present throughout, η is 
number of different enzyme preparations. 
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Fig 16. Effect of increasing concentrations of secretin-C-tricosapeptide, add­
ed either alone С О - О) or together with 10~6 M ( U- Ώ ) or 10-7 м ( • - • ) 
secretin, or with 10-6 м ( Δ — Δ ) or 10~7 M ( к — A ) pancreozyrrrin-C-octapep-
tidß. Observations o f a single experiment. Phosphatidylserine (1 mg/ml) is 
present throughout. 
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yields 125 *_ Ъ% of the activity obtained with 10~ M VIP (mean *_ SE; n=3). 
Therefore, the efficacy of VIP is probably lower than that of secretin. 
Figure 15 also demonstrates the effects of increasing concentrations of 
VIP in combination with secretin or PzO. The activations by 10 M 
-4 
concentrations of these hormones are not much altered by VIP, except at 10 
M, at which both hormone effects are equally lowered for about 10?. In contrast, 
the activity obtained in the presence of a sub-maximal secretin concentration 
is increased by high concentrations of VIP, approaching the activity with 
VIP alone. 
At variance with VIP, STP only slightly elevates the basal enzyme 
activity at 10 M (72 *_2\% above control; n=3), while it has no effect at 
-4 
lower concentrations (Fig 16). In combination with 10 M STP, the effects 
of 10 M concentrations of secretin or PzO are inhibited both for about 20$ 
(Fig 16); these effects are both significant, but not significantly different 
from each other (Table II). At tenfold lower hormone concentrations, however, 
-4 10 M STP has a significantly stronger inhibitory effect on the secretin-, 
than on the PzO-stimulat¡on (Fig 16; Table II). 
Pentagastrin also has only a small effect at 10 M (31 _+ 9% above basal; 
n=3), and no effect at lower concentrations (Fig 17). The activations by 
10 M concentrations of secretin and PzO are inhibited for ]5% and Ъ0% 
-4 
respectively by 10 M pentagastrin (Fig 17); these effects are significantly 
different from each other (Table II). At tenfold lower hormone concentrations, 
this difference in the amount of inhibition of the two hormone-stimulations 
by pentagastrin is even more pronounced (Fig 17; Table II). 
Tab le II. Effects of secretin tricosapeptide (STP) and of pentagastrin (PtG) 
on hormone stimulated rat pancreas adenylate cyclase activity. The hormone 
effects (activity with hormone minus basal activity) in the presence of the 
analogues are expressed as the percentage of the hormone effects in the 
absence of the analogues. Data are means +_ SE; the number of separate 
experiments with different enzyme preparations is given in parentheses. 
10"4 M STP 
10"4 M PtG 
10"7 M PzO 
42 *_ 7.4 (3) 
42 +_ 2.6 (3) 
10~6 M PzO 
81 +_ 1.2 (3) 
70 +_ 4.7 (5) 
10 7 M Secretin 
-7 _+ 8.3 (3) 
89 + 2.7 (3) 
10"6 M Secretin 
84 +_ 4.5 (3) 
85 +_ 3.9 (5) 
8 0 0 -
7 0 0 -
6 0 0 -
' 500-
• 400-
300-
2 0 0 
100 
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10'7Μ Secretin 
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penlagoslnne (M) 
Fig 17. Effect of increasing concentrations of pentagastrin, added either 
alone ( О- О ) , or together wi-bh 10 M ( О - Ώ ) or 10 M ( Ш - Ш ) 
—β —7 
secretin, or with 10 M ( A — à ) or 10 M ( к — к ) pancreosymin-c-octa-
peptide. Observations of a single experiment. Phosphatidylserine (1 mg/ml) is 
present throughout. 
4.3.Ζ Effects of guanylnucleotides upon the hormonal activation. 
To see whether the hormone stimulation of the pancreatic adenylate cyclase 
also can be modulated by guanylnucleotides, we have first tested the effect 
of addition of GTP to the normal assay-medium, containing about 0.4 mM ATP. 
As shown in Fig 18A, GTP has only small effects in this situation. In view of 
the finding of other authors that ATP can mimiek the effect of GTP at higher 
concentrations (see 4.1), we have studied the effect of GTP also at an 8-fold 
lower ATP-concentration (Fig 18B). In this condition, basal enzyme activity 
is undetectable, while in the presence of 10 M secretin or PzO activities of 
15-20 pmoles cyclic AMP/10 min/mg protein are found. The basal activity can 
-5 
also be increased to detectable levels by 10 M or higher concentrations of 
GTP, while at these GTP concentrations the hormone-stimulated activities are 
increased to a much greater extent. 
It has been reported that the concentration of glucagon, required for half-
maximal activation of rat liver adenylate cyclase, is 5-10 fold lower in the 
-4 
presence of 10 M GTP (Rodbell et al, 1974). However, the concentration-
response curve of PzO does not shift to the left (Fig 19), indicating that the 
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Fig 18. Effect of increasing concentrations of guanosinetriphosphate, added 
either alone ( О— О ) 3 or together with 10 M secretin ( Ώ ) or 10~ M 
pancreozymin-C-octapeptide ( Δ — Δ ) . Phosphatidylserine (1 mg/ml) is added 
only together with the hormones. The concentration of ATP in the assay-medium 
is 403 μΜ (panel A) and 63 yM (panel B), respectively. Observations of a 
single experiment. 
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Fig 19. Effect of increasing concentrations of pancreozymin-C-octapeptide, 
added either alone С О - О ) 3 or together with 10~ MG TP ( О - О ) . 
Phosphatidylserine (1 mg/ml) is present throughout. The ATP concentration is 
63 μΜ. Observations of a single experiment. 
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fig 20. Effect of increasing concentrations of guanylylimLdodiphosphate 
—Й —fí 
(panel A), of 10 4 pancreozymin-C-octapeptide and 10 M secretin, alone or 
—4 in conbination with each other or/and with 10 M guanylylimtdodiphosphate, 
_2 
and of 10 M NaF (panel B). Phosphatidylsemne (1 mg/ml) is added only 
together with the hormones. Observations of a single experiment. 
-4 potency of t h i s hormone is not increased by 10 M GTP. 
The e f f e c t of GMP-PNP on the basal adenylate cyclase a c t i v i t y in ra t 
.-4 pancreas is shown in Fig 2 0 . Assuming the stimulation by 10 M GMP-PNP to be 
ts effect exceeds those of maximal, its Ka is found at 3.10" 6 M. At 10~ 4 M 
—ft — о 
10 M concentrations of the hormones or of 10 M NaF. The combined effect of 
-4 -6 
GMP-PNP (10 M) with one or both of the hormones (10 M) doos not exceed the 
effect of GMP-PNP alone (Fig 2 0 ) . 
4.4 Discussion. 
4,4.1 Effects of hormones and hormone-analogues. 
The results of the hormone combination studies (Figs 13 and 14) show that 
the adenylate cyclase activity, submaximal I y stimulated by PzO, can be in­
creased by addition of secretin, but that the enzyme activity, once maximally 
stimulated by secretin, cannot be further elevated by addition of PzO. This 
is clear proof that both hormones act on the same adenylate cyclase. 
This poses the question, whether each hormone acts by way of its own 
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receptor, or whether both hormones can be bound to one common receptor. It is 
possible to discriminate between these two cases by means of the hormone-
combination studies that we have carried out, provided that the efficacies of 
both hormones are different (Ariens et al, 1964, p. 330). Considering the 
data in Figs 13and14, it seems that there is indeed a (small) difference 
between the efficacies of secretin and PzO. In the case of one common 
receptor, the К of the hormone with the higher efficacy should be shifted 
a 
(competitively) to a higher value by addition of the hormone with the lower 
efficacy (ibidem, p. 170). As judged from Fig 1, this apparently does not 
happen, suggesting the presence of two separate receptors. 
In order to obtain more decisive evidence, we have searched for hormone-
analogues with clearly lower efficacies than secretin or PzO themselves. 
Several naturally occurring peptide hormones, namely glucagon, vasoactive 
intestinal polypeptide (VIP) and gastric inhibitory peptide (GIP), are known 
to possess a high degree of homology with secretin. Secretin and 
glucagon have as much as 14 amino acids on corresponding places in their 
primary structure (counted from the N-terminus), while this number is lower 
(9) but still considerable for secretin and VIP. As has been found earlier 
for glucagon and secretin (RodbelI et al, 1970), VIP is also able to stimu­
late adenylate cyclase activity in rat liver or fat cell plasma membranes 
(Desbuquois et al, 1973; Bataille et al, 1974). Unexpectedly, binding studies 
with radio-iodinated hormones show that VIP and secretin can displace each 
other from these plasma membrane preparations, whereas glucagon is not dis­
placed by one of these (Bataille et al, 1974, Desbuquois, 1974). Moreover, 
glucagon is found to activate another adenylate cyclase in rat liver than 
VIP and secretin (Desbuquois et a 1, 1973). For these reasons we have chosen 
VIP, and not glucagon, as the biologically most related analogue of secretin. 
We have observed that VIP is also a strong stimulator of rat pancreas 
adenylate cyclase, with a 20% lower efficacy and a tenfold lower К than 
a 
secretin. The latter finding is at variance with the situation in rat liver 
or fat cells, where VIP is more potent than secretin in stimulating adeny­
late cyclase activity or in displacing labeled VIP or secretin (Desbuquois 
et al, 1973). Our results agree with the tenfold lower potency of VIP than 
secretin in elevating the rat pancreas cyclic AMP level гп vitro (Deschodt-
Lanckman et al, 1975). 
* See 3.2.6. 
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VIP ¡s not able to increase the enzyme activity in the presence of high 
concentrations of secretin or PzO, indicating that it stimulates the same 
adenylate cyclase as the latter two do. Non-addi ti vity of the VIP- and 
secret¡n-stimulations has also been reported for the rat liver or fat cells 
(Desbuquois et al, 1973). 
Assuming that VIP indeed binds to the same receptor as secretin (which is 
uncertain in our case since we have not performed binding studies), its 
lower efficacy should permit to use this peptide as a tool to discriminate 
between the one- or two-receptor model. In the former case, VIP should 
competitively displace both secretin and PzO with equal effedivity, and thus 
influence their actions on the adenylate cyclase also equally. The existence 
of two receptors would be indicated, when VIP would only affect the 
stimulation by secretin, and not that by PzO. Surprisingly, a high concentra-
tion of VIP decreases the effects of high concentrations of both hormones 
about equally, which would support the one-receptor model. Unfortunately, 
due to the small supply of VIP, more experiments could not be done with this 
peptide. 
Further studies have been performed with the other secret i η-ana logue, 
STP, and with the pancreozymiη-ana logue pentagastrin. Both can stimulate the 
basal activity only marginally, and only at very high concentrations. Although 
their maximally activating concentrations have not been assessed, they are 
likely to have much lower efficacies than secretin or PzO. With both these 
substances unequal inhibition of the two hormone effects has been observed 
at lower (10 M) hormone concentrations, which strongly supports the 
existence of two separate receptor units. However, both STP (like VIP) and 
pentagastrin also significantly inhibit the stimulation by the chemically 
dissimilar hormone. Apparently, the two receptorsdo not behave independently 
of each other. On the molecular level, various explanations can be en­
visaged for this behaviour. For instance, both receptor units may be close 
to each other, so that occupation of one receptor can decrease the accessi­
bility of the other, or can cause a change in conformation of the latter. 
Alternatively, the occupation of one receptor may disconnect the other 
receptor from the catalytic unit, or, according to the model of Cuatrecasas 
(see 3.2.6), a population of occupied secret i η-receptors may compete with 
a population of occupied pancreozymin-receptors for association with the 
catalytic units. 
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Two remarks should still be made about the hormone combination studies, 
shown in Figs 13 and 14. First, Deschodt-Lanckman et al (1975) have reported 
that the cyclic AMP concentration in rat pancreas slices can be elevated by 
secretin or VIP, but that this effect is inhibited by the co-addition of 
pancreozymin, PzO, or caerulein. Since we do not find inhibition of the 
secretin stimulated adenylate cyclase by PzO, these effects observed in in-
tact cells are probably due to another effect of pancreozymin, unrelated in 
itself to adenylate cyclase activity, but leading secondarily either to a 
feedback inhibition of the adenylate cyclase or to stimulation of the cyclic 
AMP phosphodiesterase activity (see also 5.4). Second, physiological studies 
in the rat in vivo have shown, that the action of submaximal doses of 
pancreozymin on enzyme secretion can be potentiated by secretin (Fölsch 
and Wormsley, 1973). Similarly, submaximal activation of the fluid or 
bicarbonate secretion by secretin seems to be potentiated by simultaneous 
infusion of pancreozymin (Shaw et al, 1973). Although we find that adenylate 
cyclase activity, submaximally stimulated by one hormone, can be increased 
by adding also the other hormone, the final effect is never more than 
additive, and mostly even less. Therefore, such potentiations are to be 
explained by interactions on other levels than that of the adenylate cyclase. 
The question whether the adenylate cyclase is involved in the regulation 
of enzyme secretion of fluid secretion by the rat pancreas remains undecided 
by the findings presented in this chapter, since both secretin and pancreo-
zymin (or PzO) are able to stimulate the fluid as well as the enzyme secre-
tion in this animal (Dockray, 1972, 1973 ). We shall return to this question 
in chapters 6 to 8. 
4.4,2 Effects of guanytnualeotides. 
A rapidly growing body of evidence shows that purine nucleotides are 
involved in a regulatory manner in the activation of adenylate cyclases, not 
only by peptide hormones but also by catecholamines (Leray et al, 1972; 
Lefkowitz, 1974) or Prostaglandines (Krishna et al, 1972). The effects are 
however not always stimulatory: inhibition of basal and hormone-stimulated 
adenylate cyclase is found with GTP in fat cells (Harwood et al, 1973) and 
renal medulla (Birnbaumer et al, 1974). In a recent paper, reporting and 
reviewing divergent actions of purine nucleotides (GTP,GDP, ITP, ATP, AMP) 
* See 3.2.6. 
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on various adenylate cyclases, Birnbäumen and Yang (1974) show, that these 
actions vary with the tissue and with the hormone studied. They conclude, 
that the nucleotide effects are probably the result of an interaction with 
distinct regulatory sites, each having perhaps its own nucleotide-specif¡city, 
modulating either the behaviour of the catalytic unit or that of the receptor 
unit of the adenylate cyclase towards the hormone. 
In the case of the exocrine pancreas we have found clear enhancement of 
hornrane-activation by GTP only at low (60 μΜ) ATP concentration. This is 
probably due to a GTP-like effect of ATP in higher concentrations, as shown 
previously for other tissues (Birnbaumer et al, 1972, Rodbell et al, 1974). 
Compared to other adenylate cyclases, a rather high concentration of GTP is 
required in pancreas to observe the hormone-enhancement. Furthermore, we 
have found no indication for an increased potency of the hormone in the 
presence of GTP. 
Basal activity is also enhanced by GTP, but the effect is much more 
pronounced with its analogue GMP-PNP which is resistent to breakdown by 
phosphoydrolases. The effects of GMP-PNP on the pancreatic adenylate cyclase, 
reported here, are very similar to those reported for the fat cell 
adenylate cyclase (Londos et a 1, 1974) in the following aspects: (1) its 
activation can exceed that obtained with hormones or fluoride, (2) half-
maximal activation is reached at 3.10"6 M GMP-PNP, and (3) at 10"4 M GMP-PNP 
activation probably is maximal, and cannot be further increased by the 
simultaneous addition of hormones. In other tissues, however, the effect of 
GMP-PNP usually is greatly enhanced by co-addition of hormone or pretreat­
ment with it (Lefkowitz, 1974; Spiegel and Aurbach, 1974; Ebert and Schwabe, 
1974; Glossmann and Gips, 1974; Pfeuffer and Helmreich, 1975). 
Thus, we have also found some evidence for the regulation of the enzyme 
activity by guanyInucleotides. The importance of such a regulatory mechanism 
may be, that the response of the target cell is not only determined by the 
ambient concentration of the hormone in the blood, but also may be modulated 
by the cell itself. However, such a mechanism would be of theoretical interest 
only, when the intracellular ATP concentration, reported to be in the. 
mi I I¡molar range (1.5 yMole núcleos idetriphosphate per gram wet weight; 
Bauduin et al, 1969), is also the concentration prevailing at the catalytic 
site of the adenylate cyclase. In that case we have not found much effect 
with GTP. 
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CHAPTER 5. HORMONE EFFECTS ON THE CYCLIC AMP CONCENTRATION AND CYCLIC AMP 
PHOSPHODIESTERASE ACTIVITY IN RAT PANCREAS. 
5.1. Introduction. 
In chapters 3 and 4 we have demonstrated that both secretin and pancreo-
zymin-C-octapeptide are able to enhance the formation of cyclic AMP from ATP 
by a broken cell fraction of rat pancreas. It is the subject of this chapter 
to see, whether these hormones can display this capacity also in intact pan-
creatic tissue. 
A number of reports have already appeared on the modulation of the pan-
creatic cyclic AMP level by gastrointestinal hormones. The first report is by 
Case et al (1972), who noted marked increases in the concentration of cyclic 
AMP in the cat pancreas in vivo, and in the isolated perfused cat pancreas, 
after administration of both secretin and pancreozymin. The first detectable 
effect occurred within the first minute after intravenous injection of either 
hormone. However, while with secretin the cyclic AMP level kept increasing 
for at least five minutes and thereafter slowly declined, with pancreozymin 
it reached a peak and returned to the basal level within a few (at most 5) 
minutes. When the first response had subsided, a second increase developed 
with a much slower time course, reaching its peak after about an hour. This 
second response occurred with both hormones. 
In a later study on the rat pancreas in vivo, Roboerecht et al (1974) 
observed only a monophasic increase of the cyclic AMP level after secretin 
injection, while pancreozymin had no effect at all. In experiments with 
slices of the pancreas of guinea-pig (Benz et al, 1972)» rat (Heisler et al, 
1974; Deschodt-Lanckman et al, 1975) or cat (Bhoola and Lemon, 1975) secretin 
readily increased the cyclic AMP level, when added to the incubation medium, 
particularly in combination with theophylline. However, even with theophylline 
pancreozymin had no effect on the cyclic AMP level in the guinea-pig or cat, 
and was clearly less potent than secretin in the rat. 
So, there are contradictory reports in the literature on the effects of 
pancreozymin and secretin on the pancreatic cyclic AMP level, but generally 
pancreozymin was less effective than secretin. Since we have found that both 
hormones are equally effective in stimulating the adenylate cyclase activity 
in a broken cell fraction of the rat pancreas (see 4.3.1), we have decided 
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to re-invest¡gate the hormone effects on the cyclic AMP concentration in 
rat pancreatic tissue. We have paid particular attention to the validity of 
the technique for the cyclic AMP determination, since this point seems to 
have been neglected somewhat in the earlier studies. 
5.2. Materials and methods. 
5.2.2. Materials. 
The cyclic AMP "binding protein" is prepared as described by Brown et al 
(1971) from bovine adrenals obtained from the local abattoir. The cortex 
(about125 g wet weight per batch) is isolated and homogenized in 50 mM Tris-
HCI (pH 7.4), 25 mM KCl, 5 mM MgCU. After centri fugation of the homogenate 
at 500O χ g for 15 min, the supernatant containing the cyclic AMP "binding 
protein" is collected, divided in 1 ml aliquots and stored at -20 C. Binding 
activity is maintained for over two years in this way. 
The sources for synthetic secretin, pancreozymin-C-octapeptide (PzO) and 
1-methyl-3-isobutyIxanthine (MIX) are as described in 2.2.1; those for cyclic 
AMP, theophylline, soybean trypsin inhibitor and bovine serum albumin (Cohn 
fraction V) as in 3.2.1. Η-cyclic AMP (ammonium salt; 20-30 Ci/mmole) is ob­
tained from the Radio-chemical Center, Amersham, England, or from NEN Chemi­
cals GmbH, Dreieichenhain, W. Germany. Activated charcoal (Norit SX 1) is re­
ceived from Norit N.V., Amersfoort, The Netherlands, purified beef heart 
cyclic AMP phosphodiesterase from Boehringer, Mannheim, W. Germany, pentobar-
bital (nembutal ) from Abbott Laboratories, Chicago, III., USA, Dowex 50W-X8 
(200-400 mesh) in the H+-form from Fluka, Buchs, Switzerland, Dowex 1-X2 (200-
400 mesh) in the CI -form from Bio-rad, Richmond, Cal., USA, the venom of 
Crotalus atrox (as S'-nucleotidase) from Sigma Chemical Co., St. Louis, Mo., 
USA, and bacitracin from Pharmachemie B.V., Haarlem, The Netherlands. Phos-
phatidyIserine is prepared from bovine brain as described in 3.2.1. 
5.2.2. In vivo experiments. 
Male Wistar rats, weighing 150-200 g and having had free access to food 
and water, are anaesthesi zed by an intraperitoneal injection of pentobarbital 
(45 mg/kg body weight). After 15 min an intravenous injection is given of 
0.1 pg PzO or 0.2 pg secretin dissolved in 0.5 ml saline (154 mM NaCI). In 
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6.3.2 it will be shown that these doses stimulate rat pancreatic fluid 
and enzyme secretion in vivo. Animals are killed by decapitation at 1,2, 5 or 
10 min after the hormone injection. The pancreas is excised as rapidly as pos­
sible, is wrapped in a numbered and tared piece of aluminium foil, weighed 
and then plunged in liquid nitrogen. These actions are performed in 90 to 
110 seconds from the moment of death. Each pancreas is then stored at -70° 
С until it is homogenized in % TCA (see 5.2.4). 
5.2.3 In vitro experiments. 
From rats, treated as described above, the pancreas is excised after 
decapitation, and cut into slices of 20-50 mg wet weight as described in 
2.2.2. After a short rinse (1-2 min) in Krebs-Ringer bicarbonate (KRB) medium, 
each slice is blotted with filter paper, weighed and placed in a reagent tube 
containing 0.5 ml KRB medium with 10 mM phosphodiesterase inhibitor. The 
slices are incubated in the absence or presence of hormones at 37 С for 1, 
5 or 10 min, while the medium is continuously gassed with a water-saturated 
mixture of 95? oxygen and 5% carbon dioxide. Hormone is added either at the 
start of the incubation or after pre-incubation of the slices for 10 min in 
KRB with phosphodiesterase inhibitor. 
In some experiments bacitracin (1 mg/ml) is added to the incubation medium, 
either alone or with phosphatidyI seri ne (1 mg/ml). Bacitracin prevents inacti-
vation of the peptide hormones glucagon (Desbuquois et al, 1974) or vasoactive 
intestinal polypeptide (Desbuquois, 1974) by liver microsomes, while phospha-
tidylserine is able to maintain hormone sensitivity in the rat pancreas adeny­
late cyclase (3.3.2). 
Incubations are terminated by addition of 5% TCA to the medium and placing 
the incubation tubes in liquid nitrogen. Homogen i zat i on and centri fugation is 
then performed as described in 5.2.4. 
In order to determine the effect of the hormones on cyclic AMP phosphodies­
terase activity, rat pancreatic slices are weighed and incubated as above but 
in the absence of phosphodiesterase inhibitors. The slices are incubated in the 
absence or presence of hormones for 1,5 or 10 min, and thereafter homogenized 
(Potter-EIvehjem tube with ground-glass pestle) in their own medium. Aliquots 
of 20 μΙ from these homogenates are assayed immediately for cyclic AMP phos­
phodiesterase activity as described in 5.2.6. 
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S.2.4. Extraction and purification of cyclic AMP from pancreatic tissue. 
Each pancreas obtained in the in vivo experiments is thawed and at the 
same time homogenized in 10 ml ice-cold 5% trichloroacetic acid (TCA) in a 
ground-glass Pottei—Elvehjem tube with a ground-glass pestle. Pancreatic 
slices, frozen in (0.5 ml medium + 0.5 ml \0% TCA), are thawed and homogeni­
zed in small ground-glass tubes with a ground-glass pestle. Η-cyclic AMP 
(10 cpm) is then added to 1.0 ml of the whole-pancreas homogenstes, or to 
the total homogenate of the slices. After discarding the precipitated materi­
al by centri fugation for 5 min at 1000 χ g, the supernatants are extracted 
four times with 5 ml water-saturated diethylether in order to remove the TCA. 
This extraction is performed in glass test tubes. The contents of the tube 
are swirled for 5 seconds on a vortex mixer, and the two phases are allowed 
to separate for 1 minute. The upper (ether) phase is discarded by aspiration. 
After the last extraction the small amount of remaining ether is removed by 
evaporation in a water-bath at 50 C. 
In our first experiments, the water phase containing the cyclic AMP from 
the tissue and the added H-cyclic AMP has been blown to dryness in a water-
bath at 50 С by means of a stream of air. The dry residues are then used 
immediately for the cyclic AMP determination described in 5.2.5. Having found 
that the water phase contains a substance which reacts like cyclic AMP in the 
binding assay but is not identical to it (see 5.3.1), the water phase is dried 
but purified by ion-exchange chromatography according to Krishna et al (1968). 
For that purpose, columns (3 cm in pasteur pipets) are prepared from Dowex 
50W-X8 in the H -form (suspended in 0.5 M HCl), and rinsed with б ml double 
distilled water. Each ether-extracted water phase is applied to a column, 
which is then eluted with double distilled water. The first 2 ml eluate are 
discarded and the following 3 ml, containing 50 to 75? of the applied amount 
of cyclic AMP, are collected and blown to dryness. The columns are re-used 
after washing consecutively with 2 ml 0.5 M NaOH, 3 ml water, 2 ml 0.5 M HCl 
and 3 ml water. 
Parallel to the tissue samples, the same extraction and purification pro­
cedure is applied to known amounts (0 to 100 picomoles) of cyclic AMP, which 
are dissolved together with 10 cpm H-cycl ic AMP in a mixture of 0.5 ml 
medium and 0.5 ml 10Í TCA. These tubes serve as blanks and standards in the 
cyclic AMP determination. 
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5.2.5. Cyclic AMP determination. 
The amount of cyclic AMP present ¡n the tissue extracts is determined by 
the method of Brown et al (1971), based upon the binding of cyclic AMP to 
the regulatory sub-unit of a protein kinase ("binding protein"). The extract 
of "binding protein" prepared as described in 5.2.1 is diluted several-fold 
with a medium containing 50 mM Tris-HCI (pH 7.4), 8 mM theophylline, 6 mM 
mercaptoethanol, 5 mM EDTA and 1.7 mM MgSO.. The useful range of the assay 
3 
(i.e. the range of cyclic AMP concentrations in which the binding of H-cychc 
AMP decreases with increasing cyclic AMP concentration) is dependent on the 
concentration of the "binding protein" (Wunderwald et al, 1974). Therefore, 
the appropriate dilution factor for the desired useful range of the assay 
(5-100 picomoles cyclic AMP in the present study) must be determined for each 
new preparation of binding protein. 
The binding assay on tissue samples and standards is performed by adding 
350 yl of the diluted "binding protein" to the dried residues obtained by 
the procedures of 5.2.4 and incubating the tubes for 90 min at 4 C. Five 
min prior to the end of the incubation period 50 yl solution is removed and 
placed in a counting vial for determination of the recovery of Η-cyclic AMP 
after the extraction and purification steps. The incubation is terminated by 
addition of 1 ml charcoal suspension containing 10 mg/ml activated charcoal, 
50 mM Tris-HCI (pH 7.4) and 2% bovine serum albumin. The mixture is swirled 
on a vortex for 2 χ 15 sec and thereafter centri fuged for 5 min at 1000 χ g. 
In this step the cyclic AMP not bound to the "binding protein" is absorbed 
onto the charcoal and removed from the solution. Half a ml of the supernatant, 
containing the cyclic AMP bound to the "binding protein", is transferred to a 
counting vial. These samples, and those taken for recovery determination, are 
ρ 
mixed with 10 ml scintillation fluid (Aquasol ) and counted in a liquid 
scintillation counter. 
From the data (cpm) obtained for recovery and binding with the blanks and 
standards, together with the known values for the amount (pmoles) and radio­
activity (cpm) of the added H-cycllc AMP, a calibration curve is set up. This 
is done by plotting the total amount (pmoles) of cyclic AMP present in the 
assay on a logarithmic scale versus the percentage of radioactivity bound to 
the "binding protein" on a linear scale. Fig 21 shows a calibration curve 
set up in this manner. The binding data of the tissue samples are then con-
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Fig 21. Calibration curve for the determination of oyolio At4P by the protein-
binding method acaording to Broun et al (1971). Unlabeled and H-labeled 
oyolio AMP are dissolved in 0.5 ml 5% TCA. These solutions are treated with 
ether and passed through a eolurm of Dowex-SOW (see 5.2.4) before incubation 
with 'binding protein" (see 5.2.5). 
verted to amounts of cyclic AMP by referring to the calibration curve. After 
correction for recovery and subtraction of the amount of Η-cyclic AMP the 
results are expressed as pmoles cyclic AMP per mg wet weight. 
To check whether the substance measured by this method is cyclic AMP, 
several 0.5 ml portions of the TCA-extract of one pancreas are treated with 
diethylether and either blown to dryness of further purified by ion-exchange 
chromatography, as described in 5.2.4. The dried residues from the crude or 
purified extracts are then reconstituted in 0.5 ml 50 mM Tris-HCI (pM 7.4), 
containing 2.5 mM MgCI-, and 40 yl purified beef heart cyclic AMP phosphodies­
terase. These mixtures are incubated for various pei iods at 30 C, whereafter 
the reaction is stopped by boiling for 5 min. The precipitated protein is re-
5 3 
moved by centri fugation and 10 cpm Η-cyclic AMP is added to the supernat-
ants. The cyclic AMP content in the dried residues of these supernatants is 
then determined by the method described above without further purification. 
Portions of 0.5 ml 5% TCA, containing 50 pmoles authentic cyclic AMP, are 
taken simultaneously through the procedure. 
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5.2.6 Суаіга AMP phosphodiesterase detexmtnatbon. 
The cyclic AMP phosphodiesterase activity in the homogenates, prepared as 
described m the last paragraph of 5.2.3, is determined according to the 
method of Rutten et al (1973 ). The incubation is started by addition of 20 μΙ 
of the horragenate to 80 μΙ incubation medium, which then contains 68 mM Tris-
HCI (pH 8.5), 1.5 mM MgCI-, 4 μΜ cyclic AMP and 5.105 cpm 3H-cyclic AMP, in 
addition to the components of the KRB medium, as specified in 2.2.2 in five­
fold dilution. At the substrate concentration of 4 μΜ the "low К " phosphodies­
terase activity is mainly responsible for the cyclic AMP conversion (Rutten 
et al, 1973 ). The incubation is continued for 15 m m at 37 С and then stop­
ped by placing the tubes in boiling water for 2 min. After cooling in ice, 
25 μΙ is added of a solution containing 0.2 mg/ml crude S'-nucIeotι dase and 
50 mM MgCI-. A second incubation is carried out for 30 m m at 37 С The tubes 
are placed again in boiling water for 2 m m , and then centri f uged for 1 m m 
at 7000 χ g. A 100 μΙ aliquot of the supernatant is applied to a column of 
Dowex 1-X2 (1.5 cm in pasteur pipet), which is eluted with 10 ml 0.1 M NarICO,. 
The eluate is mixed with 10 ml Insta-Gel , and counted in a liquid scintillat­
ion counter. The activities are expressed as pmoles cyclic AMP hydrolyzed per 
15 m m per mg wet weight of tissue. 
5.3. Results. 
5.3.1 Evaluation of the protein binding method for the determination of ayalia 
AMP in pancreatic tissue. 
The method for the determination of cyclic AMP, described in 5.2.5 has 
been evaluated in three different ways: 
1) First we have checked whether substances, known or expected to occur in the 
tissue extract, may interfere with the binding of H-cyclic AMP. It is 
found that ATP, ADP, adenosine or adenine in amounts of up to 100 nanomoles 
do not change the fraction of H-cyclic AMP bound to the "binding protein". 
However, AMP can decrease the binding of H-cyclic AMP m amounts of 10 
nanomoles and above. An amount of 10 nanomoles reacts as 1 picomole cyclic 
AMP, and 100 nanomoles as 10 ρ ι como I es cyclic AMP. IMP and ι nos ι ne, which 
can be generated from AMP and adenosine respectively by deaminase activity 
(Rutten et al,1973a), and also GMP do not interfere with the cyclic AMP 
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binding in amounts of up to 100 nanomoles. Cyclic GMP also causes a dis­
placement of Η-cyclic AMP, 100 nanomoles being equivalent to 12 picomoles 
cyclic AMP. Since tissue concentrations of AMP are at most of the order of 
1 mM and that of cyclic GMP less than 1 μΜ (Robberecht et al, 1974), while 
the level of cyclic AMP is of the order of 1 vM (see 5.3.2), endogenous AMP 
and cyclic GMP should not interfere with the determination of pancreatic 
eye I i с AMP. 
Theophylline and MIX, added in amounts of up to 5 ymo I es (corresponding 
to the amounts introduced by 500 μΙ incubation medium containing 10 mM of 
these inhibitors), have no effect on the binding of Η-cyclic AMP by the 
"bindi ng protei η". 
2) Secondly, we have tested whether the material, extracted from the tissue 
and'measured as cyclic AMP by the protein binding mefhod, behaves similarly 
to authentic cyclic AMP when treated with purified cyclic AMP phosphodies­
terase. Fig 22 shows that the crude tissue extract, prepared according to 
5.2.4, contains a material which is measured as cyclic AMP in the binding 
assay, but which is more resistant to phosphodiesterase than authentic 
cycl ¡c AMP. This may be due either to the presence in the tissue extract of 
a phosphodiesterase inhibitor, or that of a substance able to displace 
Η-cyclic AMP from the "binding protein" but not identical to cyclic AMP. 
After purification of the tissue extract by ion-exchange chromato­
graphy as described in 5.2.4, the Η-cyclic AMP displacing material in the 
eluate can fully be degraded by cyclic AMP phosphodiesterase (Fig 22). 
3) Thirdly, we have tested whether addition of standard amounts of cyclic AMP 
to a TCA-extract of pancreatic tissue are measured additively to the endo-
genously present cyclic AMP in the tissue extract. Table 1 shows that the 
increment in the measured cyclic AMP content significantly exceeds the ac­
tually added amount of cyclic AMP. Apparently, the tissue extract contains 
a factor, which makes the "binding protein" more sensitive to added cyclic 
AMP. It is quite possible that due to this factor the endogenous cyclic AMP 
content is also overestimated. We have tried, therefore, to remove this 
factor by further purification of the tissue extract. First, we have tested 
the method of Ramachandran (1968), using a column of neutral aluminium 
oxide. AMP, ADP and ATP are not eluted from this column with 40 mM Tris-HCI, 
pH 7.4, while cyclic AMP is eluted in the first few ml after the void volume. 
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Fig 22. Breakdown of authentic cyclic AMP (a) and of "apparent" cyclic AMP in 
rat pancreatic tissue extract (b, c) by purified cyclic AMP phosphodiesterase 
(PdE). Curve (a): unlabeled cyclic AMP (SO pmoles) is dissolved in 0.5 ml 
5% TCAi this solution is extracted with ether, dried, incubated with PdE for 
various times, and after addition of H-cyclic AMP subjected to cyclic AMP 
determination. Curve (b): 0.5 ml pancreatic tissue extract in 5% TCA is treated 
as described for the solution of curve (a). Curve (c): 0.5 ml pancreatic tissue 
extract in 5% TCA is treated with ether and passed through a column of Dawex-
50W (see 5.2.4); the eluate is dried, incubated with PdE, and after addition 
3 
of H-cyclic AMP subjected to cyclic AMP determination. 
A f t e r p u r i f i c a t i o n of the t i s s u e ext rac l " in t h i s manner, added c y c l i c AMP 
is overest imated to the same ex ten t as before (not shown). On the o the r 
hand, a f t e r p u r i f i c a t i o n of the e x t r a c t by ion-exchange chromatography 
accord ing to Krishna et al M968) as descr ibed in 5 . 2 . 4 , added amounts of 
up t o 20 pmoles c y c l i c AMP are c o r r e c t l y recovered, wh i le w i t h 40 pmoles 
c y c l i c AMP on ly a smal I ove res t ima t ion occurs (Table I I I ) . In a d d i t i o n , 
when c y c l i c AMP is determined in a t i s s u e - e x t r a c t w i thou t f u r t h e r p u r i f i -
c a t i o n , 2% more c y c l i c AMP ( r e s u l t of a s i n g l e experiment) is measured 
than when the t i s s u e e x t r a c t is f i r s t p u r i f i e d by ¡on-exchange chromato-
graphy. This does indeed suggest t h a t the endogenous c y c l i c AMP conten t i s 
overest imated when t h i s p u r i f i c a t i o n step is o m i t t e d . 
- 71 -
Table I I I Recovery of cyclic AMP added to rat pancreaMc tissue extract. 
pmoles cyclic AMP added 5 10 20 40 
recovery after ether 
extraction 
recovery after ion-
exchange chromatography 
8.1 _+ 1.5 16.5 _+ 3.2 35.4 *_ 2.6 59.4 _+ 4.3 
4.3 + 1.2 10.5 + 1.5 21.3 + 1.8 46.4 + 1.1 
Aliquots of 0.5 ml tissue extract in 5% TCA are supplemented either with 
Η-cyclic AMP alone or also with a varying amount of unlabeled cyclic AMP. 
They are extracted with ether (both rows) and passed through a column of 
Dowex-50W (low row only) as described in 5.2.4 before cyclic AMP determina­
tion, The results are expressed as the amount (pmoles) of cyclic AMP deter­
mined in 0.5 ml tissue extract with added unlabel led cyclic AMP, minus the 
amount determined in 0.5 ml of the same tissue extract without added unlabel­
ed cyclic AMP. Means + SE of 4 tissue extracts ¡n each case (in one case 
the same tissue extract was used with and without ion-exchange chromoto-
grapby). 
Table IV Effect of intravenously injected pancreozymin-C-octapeptide (PzO) 
and secretin on the cyclic A^P content of rat pancreas. 
Time between Intravenous injection of 
injection and 
decapitation Saline PzO ( 0.1 ug) Secretin (0.2 pg) 
0 min 0.85 *_ 0.04 (11) N.D. 0.90 _+ 0.05 (3) 
1 min 0.88^0.04 ( 3) 0.96^0.13 (3) 0.90^0.04 (5) 
2 min 0.96 *_ 0.07 ( 4) 0.86 _+ 0.04 (9) 0.94 _+ 0.06 (6) 
5 min 0.88 *_ 0.03 ( 6) 0.80 _+ 0.05 (9) 0.82 _+ 0.03 (6) 
10 min 0.89 _+ 0.09 ( 4) 0.80 _*_ 0.03 (9) 0.92 _+ 0.04 (6) 
Cyclic AMP is determined after purification of the tissue extract by ipn-
exchange chromatography. The results are expressed in pmoles cyclic AMP per mg 
wet weight, and represent means _+ SE with the number of animals given in 
parentheses. The volume of injection in all cases is 0.5 ml; the hormones are 
dissolved in sa I i ne. 
- 72 -
In view of the observations described under 2 and 3, purification of the 
TCA-extract by ion-exchange chromatography has been routinely included in our 
determination of cyclic AMP levels. Although Dowex-50W also may remove a fac­
tor which is resistant against phosphodiesterase breakdown, it is not certain 
from the present experiments whether the latter factor is identical to the 
one responsible for the overestimation of endogenous and added cyclic AMP. 
5.3.2 Cyclic AMP сопсепігикгоп ъп rat pancreas in vivo. 
The data are expressed in Table IV. Rat pancreatic tissue, rapidly isola­
ted after decapitation of the anaesthesi zed animal, contains 0. 6 pmoles 
cyclic AMP per mg wet weight. This value does not change significantly, when 
the pancreas is isolated up to 10 min after intravenous injection of saline. 
When PzO or secretin are intravenously injected, the cyclic AMP content per 
mg wet weight is not significantly changed from the level in control animals 
for up to 10 min after injection. 
5.3.3 Cyclic AMP concentration in rat pancreas in vitro. 
in order to determine whether the lack of hormone effect, observed upon 
intravenous hormone injection, can be ascribed to breakdown of newly formed 
cyclic AMP by cyclic AMP phosphodiesterase, in vitro studies have been carried 
out with slices of rat pancreas, incubated in KRB with 10 mM theophylline or 
10 mM MIX. 
Determinations are performed on the tissue homogenized in its own incuba­
tion medium, lest a hormone effect might go unnoticed through loss of cyclic 
AMP to the medi um. 
Theophylline as phosphodiesterase inhibitor. 
In our first experiments with this inhibitor we did not further purify the 
tissue extract after ether extraction. In these experiments the slices were 
pre-incubated for 10 min with theophylline alone. In the control slices, incu­
bated for a second 10 min period with theophylline alone, the cyclic AMP level 
slowly decreased. In the slices incubafed with theophylline together with 
3.10 M PzO or secretin, the cyclic AMP level was increased already after 1 
min incubation. The effect of secretin slowly deci i ned but was still signifi­
cant after 10 min, while the effect of PzO had disappeared after 5 min incuba-
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Table V Cyclic AMP content of rat pancreatic slices, incubated without 
pre-incubation in the presence of 10 mM theophylline alone (control) or toge­
ther with PzO or secretin. 
Incubation time Control PzO (3.10"7M) Secretin (3.10~7Ю 
0 min 1.21 +_ 0.07 ( 12) 
1 min 1.20 _+ 0.11 ( 6) 0.88 _+ 0.06х (8) 1.20 *_ 0.08 (6) 
5 min 1.12 _+ 0.15 ( 6) 1.06 +_ 0.08 (9) 1.24 _+ 0.12 (6) 
10 min 1.05 + 0.09 ( 6) 1.05 + 0.06 (9) 1.25 + 0.09 (6) 
Cyclic AMP is determined after purification of the tissue extract by ion-
exchange chromatography. The results are expressed in pmoles cyclic AMP per mg 
wet weight, and represent means *_ SE with the number of slices given in paren­
theses. Values denoted with an asterisk are significantly different 
(p<0.05) from the control value for the same incubation time. 
Table VI Cyclic AMP content of rat pancreatic slices incubated without pre­
incubation in the presence of 10 mM MIX alone (control) or together with 
PzO or secreti η. 
MI Qar-.-o+¡r, ι •? m - ' M I Incubation time Control PzO (3.10 M) Secretin (3.10 M) 
0 min 1.21 ^  0.07 (12) 
1 min 2.15 +_ 0.17 ( 6) 2.43^0.25 (6) 3.6Θ _+ 0.28* (6) 
5 min 2.36 _* 0.17 ( 6) 3.82 _+ 0.35* (6) 6.45 *_ 0.70* (6) 
10 min 2.43 + 0.17 ( 6) 3.65 + 0.29* (6) 5.71 + 1.02* (6) 
Cyclic AMP is determined after purification of the tissue extract by 
ion-exchange chromatography. The results are expressed in pmoles cyclic AMP 
per mg wet weight, and represent means +_ SE with the number of slices given 
in parentheses. Values denoted with an asterisk are significantly different 
(p<0.05) from the control value for the same incubation time. 
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tion. 
In later experiments the cyclic AMP determinations have been performed 
after purification of the tissue extract by ion-exchange chromatography. The 
results presented in Table V are obtained with freshly isolated pancreatic 
slices, incubated in the presence of theophylline with or without hormone. 
During incubation with theophylline alone foi up to 10 min the cyclic AMP 
level tends to decrease, although this effect is not statistically signifi-
cant. In the presence of 3.10 M PzO a small but significant decrease of the 
cyclic AMP level is now noted after 1 min incubation in comparison to the 
control slices; this effect disappears after longer Incubation periods with 
this peptide. With 3.10 M secretin the cyclic AMP level in the slices re-
mains constant, and does not significantly deviate from that in the control 
slices. Neither is the cyclic AMP level increased by these hormones, when 1 
mg/ml bacitracin is present in the incubation medium or when the slices are 
pre-incubated for 10 min with theophylline alone before the hormones are 
added ( not shown). 
MIX as phosphodiesterase inhibitor. 
In these experiments the cyclic AMP content has always been determined 
after purification of the 1 issue extracts by ion-exchange chromatography. The 
results are presented in Tables VI and VII. 
In freshly isolated slices the cyclic AMP level nearly doubles during the 
first minute of incubation with 10 mM MIX, while the level tends to increase 
slightly further during the following nine minutes (Table VI). In the presen-
ce of 3.10 M PzO, the cyclic AMP concentration becomes elevated above that 
in the control slices; this effect is significant after 5 or 10 min incuba-
tion (Table VI). With 3.10 M secretin the cyclic AMP level is increased sig-
nificantly already after 1 min, and clearly exceeds the value obtained with 
3.10 M PzO after 5 and 10 min incubation. 
When the slices are first pre-incubated for 10 min with MIX before hormone 
addition, the cyclic AMP level remains constant In the control slices, incu-
bated for a second 10 min (Table VII). Addition of 3.10 M PzO after pre-incu-
bation does not have any effect, whereas the effect of 3.10 M secretin, al-
though visible only after 5 min incubation, is not less at that time than its 
effect observed with fresly isolated slices (Table VII; compare with Table VI). 
- 75 -
2.22 + 0.18 (9) 
2.14 + 0.20 (9) 
2.10 + 0.15 (9) 
1.87 + 0.27 
6.4 + 0 . 7 X 
8.8 + 1.9Ж 
(6) 
(б) 
(6) 
Table VI I Cyclic AMP content ¡η rat pancreatic slices pre-incubated for 10 
min in the presence of 10 mM MIX and then ¡ncubated with MIX alone (control) 
or together with PzO or secretin. 
Incubation time Control PzO (3.10"7M) Secretin (3.10"7M) 
10 min 2.01 + 0.10 (9) 
11 min 2.12 _+ 0.14 (8) 
15 min 1.86 *_ 0.14 (9) 
20 min 2.20 + 0.31 (9) 
Cyclic AMP is determined after purification of the tissue extract by 
ion-exchange chromatography. The results are expressed in pmoles cyclic AMP 
per mg wet weight, and represent means *_ SE with the number of slices given 
in parentheses. Values denoted with an asterisk are significantly different 
(p<0.05) from the control value for the same incubation time. 
Tab le Vili Cyclic AMP phosphodiesterase activity in rat pancreatic slices 
incubated without phosphodiesterase inhibitor in the absence (control) or 
presence of PzO or secretin. 
Incubation time Control PzO (3.10"7M) Secretin (З.Ю^М) 
1 min 549 _+ 11 1 ( 9) 494 _+ 52 ( 9) 507 _+ 17 (3) 
5 min 536 *_ 69 ( 9) 537 _+ 45 ( 9) 513 *_ 46 (3) 
10 min 537 _» 59 (20) 611 _+ 81 (20) 530 _• 150 (3) 
Results are expressed in pmoles cyclic AMP hydrolyzed per 15 min per mg wet 
weight, and represent means + SE with the number of slices given in paren­
theses. / 
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Neither of 1hesc hormone effects is altered by addition to the (pre-)incuba-
tion medium of 1 mg/ml bacitracin, 1 mg/ml phosphatidyIserine, or both (not 
shown) . 
5,2.4 Hormone effects on the oyolio AI4P phosphodiesterase activity. 
Rat pancreatic slices, incubated for 1, 5 or 10 min in the presence of 
3.10 M PzO or secretin without phosphodiesterase inhibitor, do not show a 
significantly different low К cyclic AMP phosphodiesterase activity per mg 
wet weight in comparison to slices incubated in the absence of hormones 
(Table VI I I). 
5.4 Discussion. 
We have found in this study that the "protein-binding" method for the de­
termination of cyclic AMP in a TCA-extract of pancreatic tissue cannot be 
used safely without purification of fhe extract by ion-exchange chromatography. 
Our determinations therefore have been performed with this precaution. 
In the rat in vivo, intravenous injections of secretin and PzO in a biolo­
gically active dosis (see 6.3.2) do not significantly alter the level of cy­
clic AMP in pancreatic tissue isolated from about 90 sec to about 12 min af­
ter hormone administration. 
In a similar in vivo study in the rat by Robberecht et al (1974), a near­
ly twofold increase in the cyclic AMP concentration is observed in the first 
few minutes after the injection of 2.75 pg/kg pure natural porcine secretin. 
There are several explanations possible for their deviating finding: 1) the 
approximately 5-fold higher hormone-dose, 2) the use of a natural secretin 
preparation containing perhaps another peptide which is responsible for the 
effect, 3) the omission of a further purification of the tissue extract befo­
re the cyclic AMP determination. The last possibility seems improbable, since 
in early experiments omitting a purification step we did not observe an 
effect with secretin either. We lack the Information necessary to decide be­
tween the first two possibilities. Our results with PzO, however, are in 
agreement with those of Robberecht et al (1974), who have neither found a 
significant change in the cyclic AMP level after administration of 0.33 pg/ 
kg natural pancreozymin. 
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The only other in vivo study has been performed in the cat by Case et al 
(1972); they observe both with secretin and with pancreozymin a biphasic 
increase in the cyclic AMP level. The stimulatory effect of pancreozymin in 
the cat is difficult to reconcile with the lack of effect with pancreozymin 
and PzO in the rat, particularly since we find that the adenylate cyclase 
activity in cat pancreas is even less sensitive to PzO than that in rat pan­
creas (compare 4.3.1 with 7.3.1). 
The hormone doses administrated in our in vivo experiments are able to 
elicit marked increases of the fluid secretion from the cannulated pancreas 
of the anaesthesized rat (see 6.3.2). It will be argued in chapter 6 that 
this effect of secretin and PzO on the fluid secretion is brought about by 
activation of the adenylate cyclase. Hence, the lack of hormone effect on the 
cyclic AMP level in vivo is probably due to the balancing of an enhanced rate 
of cyclic AMP formation by an enhanced rate of cyclic AMP removal. Such remo­
val can take place in two ways: by cyclic AMP phosphodiesterase activity, or 
by secrelion of cyclic AMP into an extracellular compartmenT. 
Since we want to establish whether the hormones are at all able to stimu­
late the formation of cyclic AMP in intact cells, we have carried out experi­
ments in vitro on pancreas slices. In this system it is possible to treat the 
pancreatic tissue with a high concentration of a suitable phosphodiesterase 
inhibitor, and to determine simultaneously the cyclic AMP in the intracellular 
and extracellular compartments. 
With 10 mM theophylline, inhibiting the low and high К cyclic AMP phos­
phodiesterase activity in rat pancreas homogenate for more than 80% (Rutten et 
al,1973 ), we do not observe an increase in the cyclic AMP level in pancreatic 
slices, irrespective of whether cyclic AMP is determined with or without prior 
purification of the tissue extract by ion-exchange chromatography. Theophylli­
ne had also only a minor or insignificant effect in the in vitro studies of 
Benz et al (1972) and of Deschodt-Lanckman et al (1975), although Me i s 1er et 
al (1974) obtained a nearly twofold increase of the cyclic AMP level with 
this drug. The lack of effect in our study indicates that theophylline in our 
conditions is an ineffective inhibitor of the phosphodiesterase activity in 
intact pancreatic cells. 
When the effect of hormones is tested in slices incubafed in the presence 
of theophylline, we do not observe an increase in the cyclic AMP level either 
with secretin or with PzO. In these experiments the hormones have been added 
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¡η a concentration (3.10 Μ), at which they both give an 8-fold stimulation 
of the adenylate cyclase activity in a particulate fraction of rat pancreas 
(see 4.3.1). The absence of hormone effects on the cyclic AMP level may again 
be due to an ineffective inhibition of the phosphodiesterase activity by 
theophylline. Alternatively it may be due to inaccessibility of the adenylate 
cyclase for the hormones in the in viLro condition, or else to a rapid inac-
tivation of the hormones by pancreatic proteases before they can reach their 
receptors. 
We can decide between these possibilities by means of our observations 
with MIX. Although we have not tested this drug on the phosphodiesterase acti­
vity in pancreatic homogenate, we expect it to be at least as effective as 
theophylline for reasons explained in section 2.1. In contrast to theophylli­
ne, MIX (10 mM) causes the cyclic AMP level to rise about two-fold, while 
the level is increased still further by addition of secretin or PzO (the lat­
ter only without pre-incubation of the slices). Apparently the hormones can 
stimulate the adenylate cyclase also in intact pancreatic cells, and we 
therefore conclude that the lack of hormone effect with theophylline indeed 
is due to an inadequate inhibition of the phosphodiesterase by this compound. 
Furthermore, since the cyclic AMP level in the control slices reaches a new 
steady state already after one minute incubation in the presence of MIX, the 
latter compound neither inhibits completely the phosphodiesterase in the in­
tact eel Is. 
Next, we have to answer the question why other authors have observed mar­
ked hormone effects on the cyclic AMP in pancreatic slices in the presence 
(Benz e + al, 1972; Deschodt-Lanckman et al, 1975) or even in the absence 
(Heisler et al, 1974) of theophylline. Since we also notice an apparent in­
crease of the cyclic AMP content in slices treated with hormones in the pre­
sence of theophylline, when we determine cyclic AMP in the unpurified tissue 
extracts of the slices, the positive hormone effects found by the other aut­
hors may be due to their failure to purify the tissue extract before perform­
ing the cyclic AMP determination. In any case, our observations may draw att­
ention to the importance of checking first the validity of the assay method 
by means of the procedures used in this study (5.3.1). 
In the presence of 10 mM MIX we obtain a positive effect with PzO only 
when the hormone is added to freshly isolated slices. The effect of this hor­
mone disappears when the slices are first pre-incubated for 10 min with MIX 
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alone. This loss of sensitiv!ly for PzO may be related either to an autolytic 
destruction of the pancreozymin receptor during the pre-incubation or to the 
release of a pancreatic protease in the incubation medium, inactivating PzO 
before it can reach its receptor. There are several reasons arguing against 
the former possibility: (1) although the adenylate cyclase activity in a 
broken cell preparation also can loose hormone-sensitivity by pre-incubation, 
there is no difference between the decrease in sensitivity for P/0 and that 
for secretin when the pre-¡ncubation is carried out at 37° С (see 3.5.1); (2) 
the adenylate cyclase activity can still be stimulated nearly equally by both 
hormones when assayed in a broken cell fraction of slices incubated for 90 
min at 37 С In KRD (see 6.3.1); (3) the adenylate cyclase retains its hormone 
sensitivity nearly completely, when the tissue Is incubated for 50 min at 37 
С with crude collagenase in order to obtain a preparation of dispersed pancrea­
tic cells (see 8.3.2); (4) the loss of sensitivity of the adenylate cyclase 
for PzO can be prevented by the addition of phosphatidyIsorine to the incubat­
ion medium (see 3.3.2), whereas the addition of this phospholipid has no effect 
in the present experiments with slices. We therefore believe that PzO can be 
inactivated by a pancreatic protease, when it is added to the medium after 
pre-incubation of the tissue in the sane medium. 
Although we have earlier expressed our doubt about the validity of the 
method for cyclic AMP determination used by other authors, we have confirmed 
the observation of these authors that pancreozymin or PzO is less effective 
than secretin In elevating the pancreatic cyclic AMP content. However, this 
finding is in conflict with our previous result that 3.10 M secretin and PzO 
are equally effective in stimulating the adenylate cyclase activity in a pan­
creatic broken cell preparation (see Figs 13 and 14). The smaller effect of 
PzO in the slice experiments may be due to inactivation of PzO by a protease, 
which is present in the pancreatic slices, but which is removed from tho wash­
ed particulate fraction used for the adenylate cyclase experiments. 
Alternatively, the smaller effect of PzO in the slices may be explained by 
a stimulation of the cyclic AMP phosphodiesterase activity by this hormone, 
simultaneous with or shortly after its effect on the adenylate cyclase. Although 
Rutten et al (1973) have not observed a direct effect of PzO on the phospho­
diesterase activity in rat pancreas homogenate, stimulating effects of hormo­
nes on this enzyme have been demonstra fed in several other tissues. Amer and 
McKinney (1972) have claimed a stimulating effect of pancreozymin on purified 
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phosphodiesterase from gall bladder or gastric mucosa. PzO has been found to 
stimulate phosphodiesterase activity in an extract of gall bladder (Andersson 
et al, 1972a) or sphincter Oddi i (Andersson et al, 1972 ), when strips of 
these tissues are first incubated with this peptide before breaking the cells 
and extracting the enzyme. Significant effects are noted already after 30 sec 
of incubation. Increases in the low К phosphodiesterase activity have also 
been obtained after treatment of isolated fat cells (Zinman and Hollenberg, 
1974; Pawlson et al, 1974) or liver cells (Allen and Sneyd, 1975) with vari­
ous hormones. 
The latter effects, exerted by hormones on intact cells, may be related 
to the action of a phosphodiesterase activator, a small protein recently de­
tected in brain (Cheung, 1970, 1971) and a number of other mammalian tissues 
(Smoake et al, 1974; Kakiuchi et al, 1975). The effect of this activator re­
quires the presence of calcium ions (Kakiuchi et al, 1973; Teo and Wang, 1973; 
Lin et al, 1974). This and other findings indicate that phosphodiesterase 
activation can take place as the result of the formation of an enzyme-activator-
calcium complex, and that this process is regulated by the concentration of 
free Ca (Toshima and Kakiuchi, 1974; Lin et al, 1975). 
Evidence has been presented that pancreozymin, but not secretin, causes 
a relocation of Ca in pancreatic cells from an intracellular store into the 
cytoplasm (Case and Clausen, 1973). Therefore, if a calcium-dependent phospho­
diesterase activator would occur in pancreas, it would be activated by pancreo­
zymin rather than by secretin. Although we have not established an activation 
of the low К phosphodiesterase in homogenates of pancreatic slices treated 
with either hormone (Table VIII), such an effect may be noticeable in a high 
speed particulate fraction of the homogenates (Pawlson et al, 1974). 
Like in the previous chapter, we are forced to conclude that the role of 
cyclic AMP in the regulation of pancreatic enzyme and fluid secretion cannot 
be established from the findings presented in this chapter. Experiments aimed 
at solving this question will be presented in the subsequent chapters. 
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CHAPTER 6. ROLE OF ADENYLATE CYCLASE IN RAT PANCREATIC SECRETION. EFFECTS 
OF HORMONES AND CHOLERA TOXIN ON ADENYLATE CYCLASE ACTIVITY 
in Vitro, AND ON PANCREATIC SECRETION in vivo. 
6.1 Introduction. 
In the preceding chapters we have reported some properties of the 
adenylate cyclase in rat pancreas. From these studies it has not been possible 
to decide, whether this adenylate cyclase, sensitive to both secretin and 
pancreozymin, is involved in the regulation of the fluid secretion or in that 
of the enzyme secretion, or in both. A major problem in concluding the role 
of the adenylate cyclase from its hormonal sensitivities is caused by the 
dual effects of the two hormones in the rat: pancreozymin stimulates both 
enzyme and fluid secretion in the same dose-range (Heatley, 1968 ; Dockray, 
1972), while secretin has a small but significant effect on enzyme secretion 
in addition to its stimulation of the fluid secretion (Dockray, 1972). 
We have attempted to assess the role of the adenylate cyclase in pan-
creatic secretion in three different ways. First, we have looked for sub-
stances able to modulate the pancreatic adenylate cyclase activity in the 
biochemical assay, and have tried to correlate their effect on the enzyme 
with those on the pancreatic secretion. Secondly, we have made use of the fact 
that in cat pancreas the actions of secretin and pancreozymin are much more 
selective, secretin being ineffective on enzyme secretion, and pancreozymin 
being unable to evoke fluid secretion except at very high doses (see 7.1). 
We have therefore investigated, whether cat pancreas adenylate cyclase would 
display a preferential sensitivity toward one of the hormones. Thirdly, since 
enzyme secretion takes place from the acinar cells (see 1.3.2) and fluid 
secretion is thought to originate from the centro-acinar and ductal cells 
(see 1.2.3), we have attempted to determine in which of these two cell 
types the adenylate cyclase is located. Studies along these three lines are 
reported in this and the following three chapters. 
In this chapter an example of the first approach is presented, in which 
we have investigated the effect of cholera toxin on the adenylate cyclase 
activity, and on the two secretion processes in the rat pancreas. This toxin 
stimulates adenylate cyclase in intestinal mucosa (Kimberg et al, 1971; Sharp 
and Hynie, 1971), which action seems to account fully for the diarrhoea 
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caused by the toxin (for a review, see Bannwell and Sherr, 1973). In the last 
few years, cholera toxin has been found to stimulate adenylate cyclase in all 
tissues examined, and to cause changes in cellular function, which are expec­
ted to result from an increase in the intracellular cyclic AMP level (for a 
review, see Finkelstein, 1973). 
6.2 Materials and methods. 
6.2.1 Materials. 
The sources of synthetic secretin and synthetic pancreozymin-C-octapeptide 
(PzO) are mentioned in 2.2.1, and that of soybean trypsin inhibitor in 3.2.1. 
The purified exo-enterotoxiη of Vibrio Cholerae (cholera toxin), lot no. 
0172, prepared according to Finkelstein and LoSpalluto (1970) as modified by 
Finkelstein et al (1971), is a gift of Dr. R.A. Finkelstein, Southwestern 
Medical School, University of Texas, Dallas, Texas, USA. The lyophil¡zed 
content of the ampoule is reconstituted with 1 ml double distilled water to 
yield a solution containing 1 mg/ml cholera toxin, 50 mM Tris-HCI, 1 mM 
Na2 EDTA, 3 mM NaN3 and 200 mM NaCI (pH 7.5). The solution is stored at 4° С 
6.2.2 In vitro experiments. 
Slices of the pancreas of a male Wistar rat, 200-300 g body weight, are 
prepared and incubated as described in 2.2.2, and combined in groups of 3-5 
slices each. The Krebs-Ringer bicarbonate medium is supplemented with 0.2 
mg/ml syoybean trypsin inhibitor, while cholera toxin is added in the desired 
amounts. The incubation is terminated by the removal of the medium. The tissue 
from each vessel is homogenized in 3 ml of the adenylate cyclase homogenizing 
medium, and processed to a 8000 χ g, 5 min particulate fraction, as described 
in 3.2.2. 
Adenylate cyclase activity is determined in 10 μ I aliquots of these 
particulate fractions according to the procedure described in 3.2.3. When 
PzO or secretin are present in the assay-mecjium, phosphatidy Iserine (1 mg/ml) 
is also added because of its protective effect on the hormone-stimulation 
(see 3.3.2). 
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6.2.3 In vivo expevvnents. 
Male Wistar rats, 200-300 g body weight, are fasted for at least 18 h. 
Cannulation of the pancreas is performed essentially according to Colwell 
(1951). During the operation and the subsequent observation period the 
animal is anaesthesized by an inhalation narcotic consisting of a mixture of 
oxygen (1 l/min) and nitrous oxide (0.5 l/min) saturated with halothane. 
The abdomen is opened and the common pancreato-biIiary duct is cannulated in 
two positions with polyethylene tubing (0.2Θ mm internal, 0.61 mm external 
diameter). The first cannula is inserted as near as possible to the exit of 
the common duct, while the second, aimed at diverting the bile, is introduced 
near the hepatic h i I us and proximal to the junction with the first pancreatic 
duct. Immediately distal to the point of insertion of the latter cannula the 
common duct is ligated to prevent spilling of pancreatic juice. 
Pancreatic juice is collected by entering the first cannula into one of 
two pieces of tygon tubing (0.60 mm internal diameter, 10 cm length), used 
aIternatingly during subsequent collection periods (5-10 min). The bile, 
emerging from the second cannula, is collected and re-injocted from time to 
time through a cannula into the duodenum. 
To prevent gastric contents from entering the duodenum, the pylorus is 
ligated. The abdomen is now closed provisionally, care being taken not to 
obstruct the cannulae. 
In most experiments hormones are given as bolus injections of 100 μ I into 
the vena dorsal is penis profunda. In some experiments an infusion cannula is 
introduced into the femoral vein, allowing continuous administration of 
hormones from a syringe attached to a Braun infusion apparatus. The desired 
dose of cholera toxin, diluted to 250 μ| with saline, is topically applied by 
a series of 20-40 μ I injections at random into the pancreatic parenchyma 
after re-opening the abdominal wall. 
Each fraction of pancreatic fluid is drawn from the tygon tubing into a 
precision micro-syringe (10 μΙ maximal volume). The fraction volume is deter­
mined by reading the distance between the two menisci. The fraction is 
delivered to a 10 ml plastic test tube and diluted with 4.0 ml double distilled 
water. The closed tube is stored at 4° С until analysis. 
Protein content of the fractions is estimated as the absorbance of the 
diluted fraction at 280 nm, with bovine serum albumin as standard. Sodium 
and potassium ¡on are determined in the diluted fractions by flame photometry 
- 84 -
(Eppendorf apparatus), and chloride by coulometric titration according to 
Cot love (1963). 
6.3 Results. 
6.3.1 Effect of cholera toxin on rat pancreatic adenylate cyclase activity. 
Addition of cholera toxin to the adenylate cyclase assay medium in con-
centrations up to 100 pg/ml has no effect on the adenylate cyclase activity. 
In three experiments with 100 pg/ml of the toxin, no effect is observed in 
two cases, while in one experiment 90% activation is noticed. 
When slices of rat pancreas are pre-incubated for more than 30 min in 
Krebs-Ringer bicarbonate medium in the presence of 10 ug/ml cholera toxin, 
stimulation of the adenylate cyclase activity is observed in the particulate 
fraction prepared from these slices, even though no cholera toxin is added 
to the assay medium (Fig 23 ). The stimulation reaches a maximum after 90 
min pre-incubation, and thereafter starts to decrease. The activation, ob-
tained by 90 min pre-incubation with cholera toxin, is dependent on the 
concentration of the toxin in the pre-incubation medium (Fig 24 ). Half-
maximal activation is observed at a concentration of 3.5 yg/ml cholera toxin 
after 90 min pre-¡ncubation. 
Adenylate cyclase, submaximal ly activated by pre-incubation with 2 цд/ті 
cholera toxin for 90 min, can be further stimulated by addition of 10 M 
—fi —9 
PzO, 10 M secretin or 10 M NaF to the assay medium (Fig 25 ). These 
nearly maximally activating concentrations of 1 he hormones (see 4.3.1) lead 
to the same activity, irrespective of the presence or absence of cholera 
toxin during pre-incubation. The stimulation by NaF is significantly less 
than that obtained with the control preparation, not pre-treated with 
cholera toxin. 
6.2.2 Effects of hormones and of cholera toxin on rat pancreatic secretion 
in vivo. 
The secretory behaviour of the cannulated rat pancreas in vivo is shown 
in Fig 26 . The basal flow rate increases to twice the initial value in the 
course of a six hour observation period. The basal rate of protein secretion 
is remarkably constant throughout this period. Intravenous injection of 0.1 
pg PzO considerably stimulates both flow rate and rate of protein secretion. 
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Fig 23. Effect of pre-inaubation for different periods of rat pancreatic tis-
eue slices in the absence (O — 13 ) or presence ( · — • ) of 10 vg/ml cholera 
toxin on the adenylate cyclase activity in the 8000 χ g, 5 min particulate 
fraction prepared from these slices. Circles and squares represent different 
experiments. 
2 6 20 
¿jg/ml cholera-toxin during pre-mcubation 
Fig 24. Effect of pre-inaubation for 90 min of rat pancreatic tissue slices 
in the presence of different concentrations of cholera toxin ση the adenylate 
cyclase activity in the 8000 χ g, S min partiaulate fraction^ prepared from 
these slices. 
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Fig 25. Effect of pre-inoubatíon for 90 min of vat panoveatia tissue slices 
in the absence (open bars) or presence (hatched bars) of 2 vg cholera toxin 
on the basal and stimulated adenylate cyclase activities in the 8000 χ g, S 
min particulate fraction, prepared from these slices. Stimuli were pancreosy-
min-C-oatapeptide (10~ Μ), secretin (10~6 M)3or sodium fluoride (10~2 Μ), 
respectively. 
Fig 26. Effect of intravenous injection of 0.1 \ig pancreozymin-C-octapeptide 
(PzO) or secretin on the flou rate and the rate of protein secretion from the 
cannulated rat pancreas in vivo. Hotmones were injected at the times indicated 
by the arrows. 
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The latter ¡s increased more than the flow rate, so that the protein concen-
tration in the pancreatic fluid at the peak of hormone action is about three 
times higher than the basal level. The time lag between injection of PzO and 
the first detectable increase in either secretory parameter is 2-3 min. Peak 
values are reached after 5-10 min, while basal secretory rates are recovered 
after 20-25 min. 
Intravenous injection of 0.1 yg synthetic secretin results in about half 
the total-response in fluid secretion obtained with 0.1 wg PzO (Fig 26). The 
flow rate begins to increase after 3-5 min, reaches its maximum after 8-12 
min, and returns to control level after 25-35 min. The rate of profein 
secretion is also transiently elevated, but with a total response of at most 
one fifth of that with 0.1 ug PzO, and returning to the basal level within 
15 min. 
The effect of topical application of cholera toxin into the pancreatic 
parenchyma is shown in Fig 27 and Table IX. The flow rate begins to increase 
20-30 min after application of the toxin (in one experiment within 5 min af-
ter application), and keeps increasing for the next 3-4 h until the end of 
the observation period. No effect or a slight (statistically not significant) 
inhibition is observed in the rate of protein secretion during the same 
period (Table IX ). 
Tab le IX . Effect of cholera toxin on rat pancreatic secretion in vivo. 
Twenty pg cholera toxin is topically applied on the pancreas as described in 
6.2.3 at the beginning of the 4th hour. In each experiment the amount of 
fluid and protein secretion in the 4th, 5th and 6th hour are expressed as the 
percentage of these secretions in the 3rd hour. The table gives the mean + 
SE of these percentual values obtained in 6 control experiments and 5 
experiments with cholera toxin. 
Hour 
4th 
5th 
6th 
Fluid Secretion 
Control 
118 *_ 11 
156 *_ 12 
179 _* 14 
Cholera toxin 
223 +_ 10 
380 _* 40 
512 +_ 63 
Ρ 
< .001 
< .001 
< .01 
Protein secretion 
Control 
108 _+ 10 
124 _• 11 
136 _+ 19 
Cholera toxin 
94 _+ 10 
87 *_ 8 
88 +_ 11 
Ρ 
.34 
.03 
.06 
Fig 27, Effect of topical application of 20 vg cholera toxin, and of intra-
venous injections of 0.1 \ig panoreozymin-C-octapeptide (PzO) on the flow rate 
and rate of protein secretion from the oarmulated rat pancreas in vivo. 
Application or injections were given at the times indicated by the arrows, 
Fig 28, Effects of secretin and cholera toxin on secretion of the cannulated 
rat pancreas in vivo. A: intravenous infusion of 40 ng/ml secretin; B: topical 
application of SO \tg cholera toxin. Lower panels: effects on the flow rate 
(white area) and rate of protein secretion (hatched area); upper panels: effects 
on the concentration of sodium, potassium and chloride in the pancreatic fluid. 
Secretin infusion took place during the period indicated by the horizontal bar, 
Cholera toxin was applied at the time indicated by the arrow, 
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After treatment with cholera toxin, intravenous injection of 0.1 pg PzO is 
still able to stimulate both flow rate and rate of protein secretion, 
evoking a response of the same magnitude as would be expected without cholera 
toxin treatment (Fig 27, compare with Fig 26). As a control the solution, in 
which cholera toxin is dissolved, but without the toxin, has been tested. 
Topical application of 250 μΙ of this solution, containing 50 mM Tris-HCI, 
1 mM EDTA, 3 mM NaN, and 200 mM NaCI, has no effect on either secretory 
parameter'(not shown). 
Fig 28 and Table X demonstrate the similarity of the response to 
cholera toxin and to an intravenous infusion of secretin. When secretin is 
infused at a rate of 4.0 ng/min, the flow rate begins to increase 5 min after 
the start of the infusion, and reaches a value of six times the basal flow 
after 45 min (Fig 28A). The rate of protein secretion initially increases 
four times, then falls to a lower level, which is however significantly 
elevated (82?, SE = 7, n=3) above the basal level for the entire period of 
secretin infusion. No significant changes occur in the sod i urn and potassium 
concentrations of the fluid after the start of the secretin infusion (Table 
X ). The chloride concentration, on the other hand, decreases from 108 mM 
before infusion to 80 mM after 30 min of infusion. This change in chloride 
concentration reverses when secretin infusion is superseded by saline 
infusion (not shown). 
Upon application of 50 yg cholera toxin, the flow rate begins to increase 
after 25 min, and is about eight times the basal value after 80 min (Fig 2B ). 
The rate of protein secretion initially increases along with the first rise 
in flow rate, but after 10 min it returns to nearly the basal level, and re­
mains unchanged for the rest of the observation period. The sodium and potas­
sium concentrations do not change significantly during the first hour after 
cholera toxin application, but after 3 h the potassium concentration is 
increased significantly above the pre-stimulat ion level. The chloride concen­
tration drops from its initial value of 106 mM to 78 mM during the first 
hour after toxin application (Table X ). 
Tab I e X . Effect of secretin and cholera toxin on ionic concentrations in rat 
pancreatic fluid. Synthetic secretin is infused at a rate of 40 ng/min, and 50 
\ig cholera toxin is topically applied as described in 6.2.3. The values in the 
Table refer to 3 experiments with secretin and 4 experiments with cholera toxin. 
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Time and treatment 
30 min before secretin 
30 min after secretin 
30 min before ch. toxin 
60 min after ch. toxin 
180 min after ch. toxin 
Na (mM) 
138 ^  5 
140 + 4 
139 +_ 6 
142 ··• 7 
К (mM) 
4.7 + 0.6 
4.8 + 0.5 
6.7 + 1.5 
8.1 + 1.3 
11.2 ^  1.2a 
CI (mM) 
108 + 5 
80 + 6 a 
106 + 6 
78
 +
 5 Ь 
a
 ρ < 0.05 
b
 ρ < 0.02 
6.4 Discussion. 
It has been pointed out by Lichtenstein et al (1973) that "as far as is 
known, cholera toxin has no activity, other than that of stimulating adenyl 
cyclase, .... which (effect) has been noted in every cell system, thus far 
studied". Bourne et al (1973) state furthermore that "purified cholera toxin 
may prove to be an ideal agent, perhaps superior to dibutyryl cyclic AMP and 
the methyl-xanthi nes, for evaluating the role of cyclic AMP in mammalian 
cells". In view of the conflicting results obtained by different authors 
with cyclic AMP, dibutyryl cyclic AMP or methyl xanthines on exocrine 
pancreatic function in vivo or гп vitro (see 2.1), it seemed to be of inter­
est to study the effects of cholera toxin in the exocrine pancreas. 
In the first part of this study, the effect of cholera toxin on rat 
pancreas adenylate cyclase has been investigated. Activation of the enzyme 
by cholera toxin is only observed after pre-incubation of intact pancreatic 
cells for over 30 min; no consistent effect is observed when the toxin is 
merely added to the assay medium. The need for pre-incubation of the toxin 
with intact cells, in order to obtain adenylate cyclase activation, has al­
so been demonstrated in intestinal mucosa (Kimberg et al, 1971) and adrenal 
tumor cells (Wolff et al, 1973). The activation, once established, is not 
reversed by cell lysis and subsequent membrane isolation procedures. Similar­
ly, the occurrence of a time lag in cholera toxin activation of adenylate 
cyclase is a common feature, observed in all tissues studied (Kimberg et al, 
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1971; Guerrant et al, 1972; O'Keefe and Cuatrecasas, 1974; Bennett and 
Cuatrecasas, 1975 ). 
Under our in vitro conditions, with a pre-incubation time of 90 min, the 
ha If-max ima Ily activating concentration of cholera toxin for its effect on 
rat pancreas adenylate cyclase is 3.5 ug/ml. This is in the range of concen­
trations reported to stimulate adenylate cyclase (and resulting biological 
activities) in intestine (Kimberg et al, 1971; Sharp and Hynis, 1971) and 
thyroid (Mashiter et al, 1973). However, full activation of adenylate cyclase 
(and resulting biological functions) is observed already with 1-10 ng/ml of 
the toxin in leuko- or lymphocytes (Lichtenstein et al, 1973), adrenal 
tumour cells (Wolff et al, 1973) and melanoma cells (O'Keefe and Cuatrecasas, 
1974). Such differences in sensitivity for cholera toxin may be related to 
differences in the number of receptors for the toxin (probably G M -ganglio-
sides) between the various tissues (Cuatrecasas, 1973; Hollenberg et al, 
1974). 
Adenylate cyclase activity, stimulated by pre-incubation with a sub-
maximal concentration of cholera toxin, can be further increased by addition 
of PzO, secretin or NaF to the assay medium. In the case of the two hormones, 
the final activity is the'same, whether the toxin is present in or absent 
from the pre-incubation medium. This non-additi vity suggests that cholera 
toxin acts on the same adenylate cyclase as both hormones do. With NaF (10 
mM), the final activity is smaller in the toxin-treated than in the control 
preparation. Recently, inhibition of the NaF-stimulated adenylate cyclase ac­
tivity by cholera toxin has also been described for erythrocytes (Field, 
1974; Bennett and Cuatrecasas, 1975 ), but enhancement of the NaF-stimulation 
by cholera toxin is observed with adenylate cyclase form intestinal mucosa 
(Kimberg et al, 1971; Sharp et al, 1973). No ready explanation is available 
at present to reconcile these contradictory findings. 
The cannulated rat pancreas has shown itself to be a very useful prepara­
tion to study the effects of various substances on the rates of fluid and 
protein secretion. The observed values for the rate of unstimulated fluid 
secretion (0.20-0.60 μΙ/min. in the first hour after cannulation) are within 
the range of those reported by other authors for the fasted anaesthesi zed 
rat (Love, 1957; Heatley, 1968 ; Dockray, 1972). In accordance with Dockray 
(1973 ) we find that PzO increases both protein and fluid secretion (and 
also protein concentration). The dose of 0.1 pg, used in our experiments, 
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and yielding a peak flow rate of about 2 yl/min both in our and in Dockray's 
rats, is not maximally effective (Dockray, 1973 ). 
The effect of synthetic secretin on rat pancreatic secretion has not been 
described before. It elicits the expected increase in the rate of fluid 
secretion, but also produces an increase in protein output. The latter can 
partly be explained as a wash-out effect. However, the finding that secretm-
mfusion causes an elevated rate of protein secretion for the entire length 
of the infusion period may be considered further evidence for a real 
secretin effect on rat pancreatic enzyme secretion, m agreement with the 
small but dose-dependent effect of pure natural secretin reported by 
Dockray (1972). 
Cholera toxin, topically applied m the pancreatic parenchyma, causes the 
flow rate to increase steadily after a delay of 20-30 m m . This stimulatory 
effect lasts as long as it has been studied (4 h maximally). This seems to 
conflict with the cholera toxin effect on the adenylate cyclase activity, 
which decreases when the pre-1 neubat ι on with toxin is prolonged for over two 
hours. The latter decrease, however, may be related to the previously des­
cribed (3.3.1) lability of the rat pancreas adenylate cyclase in vitro, due 
to the action of pancreatic digestive enzymes. 
Smith and Case (1975) have also observed a stimulation of the fluid 
secretion in the perfused cat pancreas by cholera toxin. In addition, 
tfiey note an increased cyclic AMP content in this tissue and in baby rat 
pancreas fragments upon treatment with the toxin. The evidence, presented 
here and by Smith and Case (1975), supports a mediating and rate-1 ι mi ti ng 
role of the adenylate cyclase in the regulation of pancreatic fluid 
secret ion. 
After stimulation with 20 yg cholera toxin (a sub-maximal dose, as seen 
from Fig 27 in comparison with Fig 28 ), the flow rate can transiently be 
further increased by injection of PzO; this is in agreement with the finding 
that this hormone can further stimulate the toxi η-act ιvated adenylate 
cyclase. In contrast, however, to their non-additive effects on the adeny­
late cyclase activity, the effects of cholera toxin and PzO on the flow 
rate appear to be fully additive (Fig 26 ). This apparent discrepancy may be 
ascribed to the use of a sub-maximal dose of PzO in the in vivo experiment 
(see above) as compared to the near-maximal dose m the adenylate cyclase 
assay. In addition. Smith and Case (1975) find that the effect of a maximally 
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stimulating dose of secretin on the flow rate of the perfused cat pancreas is 
not additive to the effect of cholera toxin thereupon. 
There is a remarkable similarity in the behaviour of the ionic concentra­
tions after secretin infusion and cholera toxin application, except for the 
increase in potassium level, noted after prolonged cholera toxin stimulation. 
The decrease in chloride concentration, observed in our experiments with 
synthetic secretin, is consistent with the rise in the bicarbonate level, 
described to occur after administration of natural secretin (Heatley, 1968 ; 
Shaw and Heath, 1972; Mangos et al, 1974). Mangos et al (1974) have shown 
that these modifications in anion levels are due to the secretin-stimulated 
exchange of chloride .in the primary secretion for interstitial bicarbonate 
across the extra lobular ductal epithelium. Since we also find a decrease in 
chloride concentration after cholera toxin application, it appears that this 
an i on-exchange is also regulated via the adenylate cyclase system. 
No significant effect of cholera toxin on the rate of pancreatic protein 
secretion is noticed in the rat (this study) orthecat (Smith and Case, 1975). 
Neither is the effect of PzO or that of acetylcholine (Smith and Case, 1975) al­
tered by treatment with cholera toxi n. These observations do not exclude a role of 
adenylate cyclase in pancreatiс enzyme, but they indicaie that an increased cy­
clic AMP production is not sufficient by itself to trigger enzyme secretion. 
If, as is generally assumed, the enzyme-secreting acinar cells are not 
involved in the process of fluid secretion (see 1.2.3), the presence of 
adenylate cyclase in these cells would support the idea of a functional role 
of the cyclase in the regulation of enzyme secretion. Investigations, aimed 
at determining the localization of the adenylate cyclase, have therefore been 
undertaken, and will be presented in chapters 8 and 9. 
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CHAPTER 7. ROLE OF CYCLIC AMP IN CAT PANCREATIC SECRETION. EFFECTS OF 
HORMONES AND OF SECRETION-INHIBI TORS ON CAT PANCREATIC ADENYLATE CYCLASE AND 
CYCLIC AMP PHOSPHODIESTERASE ACTIVITIES. 
7.1 Introduction. 
In the previous chapters we have dealt with the behaviour of rat pancreas 
adenylate cyclase and its relation to the secretion of fluid and enzymes by 
the rat pancreas. Pancreozymin has a dual effect in this species, i.e. it 
stimulates both enzyme and fluid secretion. Hence, the finding that this 
hormone can stimulate adenylate cyclase activity in rat pancreas does not 
allow us to decide, which of the two secretion processes is regulated via 
cyclic AMP. In the cat pancreas, administration of pancreozymin does not re-
sult in fluid secretion (Harper and Raper, 1943), except at very high doses 
(Brown et al, 1967). It was of interest therefore to see whether pancreozymin 
would be able to stimulate cat pancreatic adenylate cyclase. In this chapter 
we have tested the effects of pancreozymin-C-octapeptide and of secretin on 
the activity of this enzyme. The results are compared with those obtained 
for the rat. 
Another reason for undertaking studies on cat pancreas preparations is 
to test the effects of alloxan, nicotinic acid and imidazole on the enzymes, 
involved in the metabolism of cyclic AMP. Alloxan is known to increase the 
threshold for secretin stimulation (Grossman and Ivy, 1946). Recently, it has 
been found to inhibit rapidly and reversibly the secret in-induced fluid 
secretion from the cat pancreas -in vitro, while having only small effects on 
the acetyIcholine-stimulated enzyme secretion from this preparation (Porter 
and Scratcherd, 1973; Scratcherd, 1974). Nicotinic acid also lowers the rate 
of fluid secretion, but in the same concentration (10mM) it inhibits the 
acetyIcholine-evoked enzyme secretion as well (Porter and Scratcherd, 1973; 
Scratcherd, 1974). Imidazole, in concentrations above 20 mM, also decreases 
the flow rate, but is found to stimulate the basal enzyme secretion in much 
lower concentrations (5 mM); part of the latter effect is still retained in 
the presence of atropine (Scratcherd, 1974). 
These drugs may act by interfering with the pancreatic cyclic AMP 
metabolism. Alloxan is known to inhibit the beta-cell adenylate cyclase 
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activity (Cohen and Bitensky, 1969). Nicotinic acid can antagonize the 
effects of epinephrine (Butcher et al, 1968) or secretin (Butcher and Carlson, 
1970) on both lipolysis and cyclic AMP level in adipose tissue. Krishna et al 
(1966) have reported to observe stimulation of cyclic AMP phosphodiesterase 
activity by nicotinic acid. Imidazole in high concentration (50 mM) is able 
to stimulate cyclic AMP phosphodiesterase (Butcher and Sutherland, 1962; 
Nair, 1966), and inhibits active transport in urinary bladder (Alonzo et al, 
1965), in which process cyclic AMP probably also is involved (Orloff and 
Handler, 1967). 
The second part of this chapter is devoted to establish, whether alloxan 
can inhibit the adenylate cyclase, and whether nicotinic acid and imidazole 
can stimulate the cyclic AMP phosphodiesterase, in cat pancreas broken cell 
preparations. 
7.2 Materials and methods. 
7.2.1 Materials. 
The sources of synthetic secretin and synthetic pancreozymin-C-octapepti de 
(PzO) have been mentioned in 2.2.1. Alloxan (tetrahydrate), nicotinic acid 
and imidazole are obtained from Merck, Darmstadt, W. Germany. Alloxan is 
stored at -20 С For testing its effect on enzyme activities, it is dis­
solved in ice-cold bidistilled water, kept at 0 C, at then adjusted to pH 
7.4 immediately before addition to the incubation media, in view of the 
instability of alloxan solutions and 37° С and pH 7.4 (Webb, 1966). 
7.2.2 Tissue preparations. 
Cats of either sex, 2-3 kg body weight and fed at libitum, are kil led by 
rapid intracardiac injection of pentobarbita I (90 mg/kg). The pancreas is 
removed, freed from adhering fat, minted with scissors, and homogenized with 
a Polytron apparatus (Kinematica, Luzerne, Switzerland) in 15 ml of a 
solution containing 10 mM Tris-HCl, 2.5 mM MgCI2, 2.5 mM EDTA and 0.2 mg/ml 
soybean trypsin inhibitor. For adenylate cyclase experiments, the buffer is 
adjusted to pH 7.4, for phosphodiesterase to pH Θ.5. The homogenate is 
further homogenized in a Potter-Elvehjem tube with a ground-glass pestle. For 
phosphodiesterase determinations, this preparation is distributed in 1 ml 
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aliquots, and stored at -70 С until assay of enzyme activity. For adenylate 
cyclase studies, the homogenate is centrifuged for 5 min at 8000 χ g in the 
cold, the pellet is washed twice in the homogenizing medium, and finally 
resuspended in a volume of 5 ml. The particulate suspension, distributed in 
0.5 ml aliquots, is also stored at -70 С until adenylate cyclase assay. No 
decrease of either enzyme activity is observed after 3 months storage at 
-70° С 
7.2.3 Enzyme determinations. 
Adenylate cyclase activity is determined as described ¡π 3.2.3. When 
hormone effects are studied, 1 mg/ml phosphatidyIserine is added to the 
assay-medium. Since alloxan rapidly decomposes into alloxanate with 
concomitant acidification, the pH of the incubation medium with 10 mM 
alloxan has been checked after the incubation and is found to be 6.9; with 
1 mM alloxan it does not deviate from 7.4. Solvonuk and Collier (1955) have 
shown that alloxan does not affect pyruvate kinase activity, which is present 
in the assay-medium as part of the ATP-regenerat ing system. 
Cyclic AMP phosphodiesterase activities are determined as described in 
5.2.6, at substrate concentrations of 1 or 4 uM to assess the low Km 
activity, or of 2 mM to assess the high Km activity. Substrate conversion 
is kept to less than Ъ0%. 
7.5 Results. 
7.3.1 Effects on oat pancreas adenylate cyclase of secretin and pancreozymin-
C-oatapeptide, alone or in corrbination. 
Like in Chapter 4, the adenylate cyclase a c t i v i t i e s in t h e presence of 
i n c r e a s i n g c o n c e n t r a t i o n s of hormones are expressed as percentage of t h e 
a c t i v i t y w i t h 10 M of t h a t hormone a l o n e . As shown in Figs 29 and 30, both 
s e c r e t i n and PzO can s t i m u l a t e c a t p a n c r e a t i c adenylate cyclase a c t i v i t y . The 
s e c r e t i n e f f e c t becomes maximal a t 3.10 M, and is half-maximal a t 1.5.10 
M. With PzO a c t i v a t i o n is not y e t maximal at 3.10 M. When 10 M is 
assumed t o be the maximally e f f e c t i v e c o n c e n t r a t i o n of PzO, i t s e f f i c a c y 
would be about t h r e e q u a r t e r of t h a t of s e c r e t i n , w h i l e i t would be about 
1 0 - f o l d less potent than s e c r e t i n . 
* See 3 . 2 . 6 . 
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Fig 29.' Effect of inereasing concentrations of secretin on cat pancreas 
adenylate cyclase activity, added either alone ( О — O ¿ for each concentra-
tion η is given in the figure), or together with 10-6 м pancreozymin-C-octa-
peptide ( Δ — Δ ; n=3). Activities are expressed as the percentage of the 
activity with 10-6 M secretin alone in the same experiment (amounting to 
41S + 31 pmoles cyclic AMP/10 min/mg protein; n=22). Phosphatidylserine 
(1 mg/ml) is present in all assays. 
Fig 30. Effect of increasing concentrations of pancreozymin-C-octapeptide on 
cat pancreas adenylate cyclase activity, added either alone ( О — О ; for 
each concentration η is given in the figure), or together with 10-6 м 
secretin ( Δ — Δ ; n-3). Activities are expressed as the percentage of the 
activity with 10-6 м pancreozymin-C-octapeptide alone in the same experi­
ment (amounting to 230 +_ 23 pmoles cyclic AMP/10 min/mg protein; n=25). 
Phosphatidylserine (1 mg/ml) is present г all assays. 
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IO"" 10" 
alloxan (M) 
Fig ZI . Effect of increasing concentrations of alloxan on cat pancreas 
/j 
adenylate cyclase activity, stimulated by 10 M secretin. Activities are ex­
pressed as the percentage of the activity, obtained in the absence of alloxan 
in the same experiment, and are given as means + SE; for each concentration 
η is given in the figure. Phosphatidylserine (1 mg/ml) is present in all 
assays. 
The effect of 10 M concentrations of the two hormones in combination 
is not greater than that of secretin alone, but clearly exceeds that of PzO 
alone (Table XI ). Figs 29 and 30 demonstrate the non-addit¡vity also for 
lower hormone concentrations. The slight inhibition of the effect of 10 M 
secretin by 1θ" M (Fig 30,) or 10 M (Table XI ) PzO is statistically not 
significant. Therefore, no sign of compelітіоп between the two hormones is 
found in the concentration ranges tested. 
-,-6 
Table XI . Effect of 10 M PzO or secretin, alone or in combination, on cat 
pancreas adenylate cyclase activity, expressed as percentage of the activity 
in the presence of one of the hormones alone. Data are means with SE and num­
ber of experiments in parentheses. 
Ι Ο
- 6
 M S e c r e t i n = 10056 
10~6 M PzO = 100? 
10 б M PzO 
54 _+ 4.2% ( 1 4 ) 
10056 
10 б M S e c r e t i n 
100? 
199 +_ 17.756 (11) 
Combination 
97 + 2.0? (6) 
173 +_ 23.6? (6) 
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7.3.2 Drug effects on adenylate cyclase and cyclic AtF phosphodiesterase 
activities in cat pancreas. 
Drug effects have been studied on the adenylate cyclase activity without 
stimulants or with 10~ M PzO, 10~ M secretin, or 10 M NaF. Alloxan (10 
mM) strongly inhibits the basal and stimulated activities, the smallest effect 
being found on the NaF-stimuIated enzyme (Table XII). The concentration of 
alloxan required for 50% inhibition of the secret in-stimulated activity is 
about 1 mM (Fig 31). Nicotinic acid and imidazole (10 mM) both stimulate the 
basal adenylate cyclase about twice; their effect is smaller in the presence 
of 10 M PzO, while no effect at all is found on the secretin- or NaF-
stimulated activities (Table X M ) . 
The effects of these drugs on the cyclic AMP phosphodiesterase activities 
are presented in Table XIII. All three substances at 10 mM have a small 
stimulatory action on the low Km activity (probed at 1 or 4 μΜ), whereas 
only imidazole (10 mM) is able to stimulate the high Km activity. 
Tab le XII. Effects of alloxan, nicotinic acid and imidazole (all 10 mM) on 
cat pancreas adenylate cyclase activity, expressed in percent of the 
activities obtained without these drugs in the same experiments. Data are 
means _+ SE, the number in parentheses indicating the number of different cat 
pancreas preparations. 
No stimulant 
10"6 M PzO 
ΙΟ
- 6
 M Secretin 
IO"2 M NaF 
Al loxan 10 mM 
14 +_ 5.8 (3) 
9 _* 3.2 (3) 
5 *_ 1.2 (4) 
18 _+ 5.7 (3) 
Ni cot. acid 10 mM 
179 + 12 (3) 
148 + 6 (3) 
96 + 8 (3) 
103 +_ 3 (3) 
Imidazole 10 mM 
248 + 25 (3) 
138 + 9 (3) 
107 + 15 (3) 
104 j_ 2 (3) 
Tab le XI I I. Effects of alloxan, nicotinic acid, and imidazole on cat pancreas 
cAMP phosphodiesterase activities, expressed in percent of the control 
activities. Control activities are given as nanomoles cyclic AMP metabolized 
in 15 min per mg protein in the upper part, and put at 100? in the lower part 
of the table. Data are means +_ SE for three separate experiments. 
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[Сус 1¡с AMP] 
Contro l 
Contro l 
A l Іохап (10 mM) 
N i c o t . Ac id (10 mM) 
Imidazole (10 mM) 
1 μΜ 
3.7 _+ 0.3 
100? 
133 *_ З.б? 
133 _+ 7.6? 
97 *_ 1.3? 
4 μΜ 
6.4 _+ 0.7 
100? 
197 + 8.9? 
129 _+ 12.4? 
122 *_ 2.1? 
2 mM 
65.8 _+ 7.2 
100? 
97 *_ 5.9% 
107 +_ 6.1? 
123 *_ 5.2% 
7.4 Discussion. 
7.4.1 Hormone effects on adenylate ayalase. 
We have established that cat pancreas adenylate cyclase, like that in the 
rat, is sensitive to secretin as well as to PzO. The effect of the two hor­
mones in combination are not additive, indicating fhat they act on the same 
adenylate cyclase. PzO probably has a lower efficacy, and in any case it is 
less potent, than secretin. This behaviour is consistent with a role of the 
adenylate cyclase system in the regulation in the pancreatic fluid secretion, 
since pancreozymin is also much less effective than secretin in stimulating 
this parameter in the cat pancreas in vivo (Brown et al, 1967). Lemon and 
Bhoola (1975) have also observed stimulation of cat pancreas adenylate by 
secretin, but only occasionally by pancreozymin, which they ascribe to a 
contamination of the latter hormone with secretin. By using synthetic PzO 
this difficulty is circumvented in our study. Our results are hard to recon­
cile with the observation of Case et al (1972) that pancreozymin is able to 
elevate the cyclic AMP level in the intact cat pancreas, even in a dose that 
is too small to evoke enzyme secretion. However, this finding has not been 
reproduced with cat pancreatic slices (Bhoola and Lemon, 1975), and more 
experimentation is needed to settle this controversy. 
Since there is apparently no competition between secretin and PzO in the 
hormone-combination experiments, the two hormones probably act on two 
different receptors, as we have also concluded in the case of the rat pan­
creas (see 3.4.2.). Neither have we found any evidence for a potentiation* 
of the action of PzO by co-addition of secretin. Therefore, the potentiating 
effect of secretin on the pancreozymin-stimulated fluid secretion in the cat 
* See 3.2.6. 
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pancreas in vivo, as described by Brown et al (1967), ¡s based on another 
mechanism (e.g. vaso-motor effects; see 1.2.1). 
7.4.2 Drug effects on adenylate cyclase and cyclic A14P phosphodiesterase. 
Alloxan in a concentration of 10 mM nearly completely inhibits the basal 
or stimulated cat pancreas adenylate cyclase. It also stimulates the low Km 
cyclic AMP phosphodiesterase activity. These findings strongly suggest, that 
the inhibition of the cat pancreatic fluid secretion by alloxan, as observed 
by Porter and Scratchend (1973), is at least partly due to interference of 
this substance with the cyclic AMP metabolism. From another point of view, 
they also offer further support for the thesis that cyclic AMP is involved 
in the regulation of pancreatic fluid secretion. However, since alloxan has 
also a" smal I effect on the acetylcholine- or pancreozymin-st¡mulated enzyme 
secretion (Scratcherd, 1974), a role of cyclic AMP in this process cannot 
yet be dismissed. 
The anti-lipolyti с effect of nicotinic acid on epinephrine-stimulated 
fat cells has been correlated with its ability to lower the cyclic AMP level 
(Butcher et al, 1968). A number of authors have looked for an effect of this 
substance on the cyclic AMP phosphodiesterase and adenylate cyclase of fat 
cells. Stimulation of the former enzyme has been reported by Krishna et al 
(1966), Schwabe and Ebert (1969), and Nakano (1970), although the effects 
were small and have not been confirmed by others (Petersen et al, 196Θ; 
Kupieki and Marshall, 1968; Thernault and Winters, 1970; Mengel et al, 
1970; Skidmore et al, 1971). On the other hand, Petersen et al (1968) 
demonstrated that nicotinic acid behaves as a ß-receptor antagonist, while 
Skidmore et ai (1971) report a direct inhibition of the fat cell adenylate 
eye I ase. 
In the exocrine cat pancreas we find that nicotinic acid (10 mM) has no 
effect on the secretin-sti mulated adenylate cyclase activity, but that it 
slightly stimulates the low Km eyelid AMP phosphodiesterase activity. This 
concentration of nicotinic acid also decreases the fluid secretion of the 
secretin-sti mulated cat pancreas in vitro (Porter and Scratcherd, 1973), and 
our results indicate that this effect might be due in part to a lowering of 
the cyclic AMP level. This explanation is apparently disfavoured by the fin-
ding that 10 or 20 mM imidazole has no effect on the flow rate (Scratcherd, 
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1974), although we observe the same stimulatory effect with imidazole as 
with nicotinic acid on the phosphodiesterase activihy when assayed at 4 μΜ 
cyclic AMP. However, 10 mM imidazole has no effect on the phosphodiesterase 
when assayed at 1 μΜ cyclic AMP, while nicotinic acid still stimulates the 
enzyme at this substrate concentration. Since the physiological cyclic AMP 
concentration is probably closer to 1 than to 4 μΜ, the drug-effects in the 
cell-free situation at the lower substrate concentration may better approach 
the situation in intact colls. Therefore, the effect of nicotinic acid on the 
fluid secretion still may be the result of its decreasing the intracellular 
cyclic AMP level. On the other hand, nicotinic acid also inhibits the 
acetyIcholine-induced enzyme secretion (Scratcherd, 1974), and its effect 
on the phosphodiesterase may equally well be interpreted as evidence in 
favour of a role of cyclic AMP in the enzyme secretion. 
Imidazole (5-10 mM) stimulates the enzyme secretion in the secret in-
stimulated cat pancreas, while nicotinic acid does not (Scratcherd, 1974). 
Since these two substances have no effect on the secretin-stimulated adeny­
late cyclase, the effect of imidazole in probably not mediated by altering 
the adenylate cyclase activity. Rather, it may act by increasing the free 
intracellular calcium concentration (Scratcherd, 1974). 
Both nicotinic acid and imidazole (10 mM) elevate the basal adenylate 
cyclase activity by about 100$. To our knowledge, stimulatory effects of 
these drugs on adenylate cyclase have not previously been reported. 
Unfortunately, the action of these substances on the cat pancreas unstimula­
ted by secretin have not been tested. 
In summary, it can be concluded that the findings presented in this 
chapter add further credence to the thesis, that cyclic AMP is the intra­
cellular mediator for the secretin effect on cat pancreatic fluid secretion, 
as proposed by Case and Scratcherd (1972). They do not rule out a role of 
cyclic AMP in the enzyme secretion. 
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CHAPTER 8. THE LOCALIZATION OF ADENYLATE CYCLASE IN RAT PANCREAS. A FIRST 
APPROACH: PREPARATION OF ISOLATED ACINAR CELLS FROM PANCREATIC 
TISSUE. 
8.1. Introduction. 
In the previous chapters (6 and 7) we have presented evidence for a role 
of the secretin- and pancreozymin-sens¡tí ve adenylate cyclase activity in the 
regulation of the pancreatic fluid secretion in the rat and the cat. An invol-
vement of this adenylate cyclase in the regulation of pancrealic enzyme se-
cretion, suggested already in 1968 by KuIka and Sterni i cht and ¡η 1969 by 
Ridderstap and Bonting, has not found much support in our studies. However, 
the observations of chapters 6 and 7 do not allow us to dismiss a role of 
cyclic AMP in the process of enzyme secretion entirely. 
Further understanding of the importance of the adenylate cyclase activity 
in the exocrine secretion of the pancreas requires the knowledge of the dis­
tribution of this enzyme between the acinar and ductal cells. Assuming that 
the acinar cells are responsible only for the enzyme secretion and have no 
contribution to the fluid and electrolyte secretion (see 1.2.3), a role of 
adenylate cyclase in enzyme secretion would be indicated when this activity is 
shown to be present in the acinar cells. On the other hand, the presence of 
adenylate cyclase in the centro-acinar and ductal cells, which are known with 
certainty to participate in the fluid and electrolyte secretion (see 1.?.3), 
would further support the notion that the enzyme is involved in the latter 
secretory function. 
One approach to arrive at the localization of the adenylate cyclase con­
sists in dissociating pancreatic tissue into a suspension of single cells, 
trying to isolate or enrich one of the two types of cells, and comparing the 
activity per cell in the enriched preparation with that in the intact tissue. 
For that purpose we have developed a method for the dispersion of rat pancreas 
into single cells. As shown in this chapter, the preparation obtained by our 
method appears to contain virtually no centro-acinar or ductal cells, but to 
consist almost entirely of acinar cells. Next, we have compared the isolated 
cells with undissociated tissue both in morphological and biochemical-functio­
nal aspect. It is found that the isolated cells still contain a nearly intact 
hormone-sensiti ve cyclic AMP metabolism, but enzyme secretion by these cells 
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is de-regulated and insensitive toward the physiological stimuli. 
8.2 Materials and methods. 
6.2.2 Materials. 
Collagenase (type CLS) from Clostridium h I sto Iyti cum is obtained from 
Worthington Biochemical Co., Freehold, N.J., USA. Calf thymus DNA (type V), 
bovine serum albumin (fract. V), and sodium cacodylate are from Sigma Chemi­
cal Co., St. Louis, Mo., USA. Glutaraldehyde (25?) is from Serva, Heidelberg, 
W. Germany; orceine is from Merk AG, Darmstadt, W. Germany,and trypan blue 
from Fluka AG, Buchs, Switzerland. All other materials have been mentioned 
i η earl ¡er chapters . 
All incubation media are variants of the Krebs-Ringer bicarbonate medium 
(KRB), specified in section 2.2.2. They are gassed with a water-saturated 
mixture of 95% oxygen and 5% carbon dioxide before and during the incubations, 
and are supplemented with 10 mM glucose and 0.2% soybean trypsin inhibitor. 
Other additions are specified in the following sections. The media are ad-
justed to pH 7.4 and 300 mOsm immediately before use, and used at room temp-
erature when not stated differently in the following sections. 
8.2.2 Preparation of a suspension of isolated panareatia cells. 
The following procedure has finally been adopted. One male Wistar rat (200 
- 300 g body weight; fasted for at least 18 h) is killed by cervical dislocat-
ion and exsangui nation, and the pancreas is carefully resected. Pancreatic 
lobules are isolated by free-hand dissection (forceps and scalpel) in a cooled 
Petri-dish, removing the visible remnants of mesenteric fat, connective tissue 
and blood vessels. The lobules are rinsed twice in saline to wash out remaining 
bIood ce I Is. 
The dissociation is initiated by incubating the lobules for 10 min at 37 
С in 10 ml of Ca +-Mg -free KRB-medium, containing ? mM EDTA. The lobules are 
then rinsed twice in 10 ml KRB with Ca * and Mg and without EDTA, and further 
incubated at 37 С in 10 ml KRB, containing 4? bovine serum albumin and 250 
U/ml collagenase. After 25 min, the lobules and smaller fragments are sedimented 
at 1000 χ g for 1 min, the supermatant is discarded and replaced by 10 ml fresh 
KRB containing collagenase and 4? bovine serum albumin, and incubation at 37° 
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С ¡s continued for another 25 min period. Final dissociation ¡s obtained by 
pipetting the suspension repeatedly up and down in pasteur pipets with decrea-
sing tip diameters, until no further dispersion is observed to occur. Pieces 
of undissociated tissue tissue are removed by filtration through a stainless 
steel screen (325 mesh) fitted in a mi I I¡pore filter holder. The filtrate is 
centrifuged at 1000 χ g for 1 min; the pellet is washed twice in KRB without 
collagenase and without (8.2.3 and 8.2.4) or with (8.2.5) \% bovine serum 
albumin, and finally resuspended in 10 ml of the latter medium. 
8.2.3 Morphological characterization of the isolated cells. 
Cellular integrity ("viability") of the isolated cells is evaluated by the 
trypan blue exclusion test, mixing 100 ці of the suspension with 300 μΙ of a 
filtered solution of 0.6$ trypan blue in saline. Nuclearity of the cells, and 
contamination with isolated nuclei is examined by staining with aceto-orceine. 
This is done by mixing 100 μΙ of the cell suspension with 100 μΙ of 2.2$ 
orceine in glacial acetic acid. In both these tests the mixtures are transfer­
red to a BUrker counting chamber (haemocytometer), and the preparations arc 
examined with a light microscope. The number of cells staining with trypan 
blue, the number of binucleafed cells, and the number of cells without a 
2 
nucleus are counted in all 1-mm squares of the chamber. The mean of all 9 
counts is taken as one determination. 
In order to assess which cell types are present in the isolated cell sus­
pension, and also in order to study the morphology of the isolated cells in 
more detail, microtome sections have been prepared for light- and electron-
microscopy. For that purpose the cells are collected in a pellet by centrifu-
gation at 1000 χ g for 1 min. The pellet is resuspended in 2 ml of a warm 
solution of 2% agar in saline, and then rapidly cooled in crushed ice. The ge­
latinous mass is cut in small cubes, which are transferred to a solution of 
2% glutaraldehyde in 50 mM sodium cacodylate, 200 mM sucrose (pH 7.4). The 
cells are fixed in this medium for 60 min, and then post-fixed in 2% osmium 
tetroxide in a veronal buffer according to Palade (1952). Undissociated lobu­
les of the same pancreas, stored in KRB for 2 hours, are fixed and post-fixed 
in the same way. After dehydration through increasing ethanol concentrations 
the agar blocks or tissue lobules are embedded in Epon 812 via propylene 
oxide. Thick (about 1 μ) or thin (600-700 A) sections are cut on a LKB ultra-
microtome. Thick sections are stained with toluidine blue according to Trump 
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(1961), and viewed with a light microscope. Thin sections are stained with 
uranyl acetate (Watson, 1958), counterstai ned with lead citrate (Venable and 
Coggeshall, 1965), and examined with a Philips 300 transmission electron mi­
croscope. Acinar cells are recognized by containing zymogen granules and an 
elaborate endoplasmic reticulum, endocrine cells by the (incompletely filled) 
storage granules for insulin or glucagon, and centro-acinar and ductal cells 
by the absence of granules and scarcity of endoplasmic reticulum. 
8.2.4 Biochemical characterization of the isolated cells. 
The pancreas of one animal is cut into lobules as described in 8.2.2. The 
lobules are then divided in two portions of equal wet weight, one of which 
is processed into a suspension of isolated cells as described in 8.2.2, while 
the other portion is kept at 37 С in KRB during the dissociation period. 
Biochemical determinations are then carried out simultaneously on both 
isolated cells and undissociated lobules. For that purpose the cells or lobu­
les are collected in a pellet by centri fugation and the supernatant is re­
moved by aspiration. The pellets are then homogenized by hand (Dounce homo-
genizer) in a medium containing 10 mM Tris-HCI, 2.5 mM MgCI 7, 2.5 mM EDTA and 
0.2 mg/ml soybean trypsin inhibitor (pH 7.4) to a final volume of 6 ml. Part 
of these homogenates is stored for subsequent determination of cyclic AMP 
phosphodiesterase, chymotrypsin, lactic dehydrogenase, DNA and protein, while 
the remaining portion is used for the preparation of a (8000 χ g, 5 min) par­
ticulate fraction as described in 3.2.2. This particulate fraction is used 
immediately for adenylate cyclase determination, and then stored at -20 С 
for subsequent protein determination. 
Adenylate cyclase activity is determined as described in 3.2.3. When hor­
mones are present in the incubation medium, phosphatidyIserine (1 mg/ml) is 
added because of its protective effect on the hormone-stimulated activities 
(see 3.3.2). Low К and high К cyclic AMP phosphodiesterase activities are 
determined with substrate concentrations of 4 M and 2 mM cyclic AMP, respec­
tively, as described in 5.2.6. Chymotrypsin activity is measured with BTEE 
as substrate after overnight activation with trypsin, as described in 2.2.3, 
while the method for lactic dehydrogenase has been described in 2.2.4. DNA is 
estimated according to Schneider (1957) after precipitation with cold \0% 
TCA. Protein is determined according to Lowry et al (1951). Calf thymus DNA 
- 107 -
and bovine serum albumin are used as standards. 
To determine the content of cyclic AMP in the isolated cells, 0.5 ml sam­
ples of the cell suspension are mixed with 0.5 ml cold 10? TCA on a vortox 
mixer and homogenized in ground-glass Potter-Ε Ivehjem tubes. After addition 
5 3 
of 10 cpm Η-cyclic AMP the TCA-homogenates are centrifugea; the supernatants 
are extracted with ether and purified by ion-exchange chromatography as des­
cribed in 5.2.4, and cyclic AMP is determined as described in 5.2.5. The TCA-
pellets are dissolved in 1 ml 0.5 M NaOH for protein determination. 
Hormone effects on the cyclic AMP concentration in the isolated col Is are 
studied In the presence of 10 mM MIX. After isolation the cells are washed 
twice in KRB with 10 mM MIX, and 0.5 ml samples of this suspension are incuba­
ted for 1, 5 or 10 min at 37 С in the absence or presence of hormone. During 
incubation, the samples are gassed continuously with 95? oxygen / 5% carbon 
dioxide. Incubations are terminated by addition of 0.5 ml 10? TCA, and cyclic 
AMP or protein are determined in supernatant and pellet as described above. 
8.2.5 Seovetory function of the isolated cells. 
The ability of the isolated cells to respond to stimuli of enzyme secre­
tion Is tested by suspending the cells in KRB with \% bovine serum albumin 
and incubating 1 ml samples of this suspension for 1 hour at 37 С in sealed 
test tubes under an atmosphere of 95? oxygen / 5? carbon dioxide in the ab­
sence or presence of stimuli. Parallel incubations are carried out with about 
50 mg wet weight of undissociated lobules. After incubation the tubes are cen-
trifuged at 100 χ g for 1 min and aliquots are taken from the supernatants to 
determine the release of chymotrypsin and lactic dehydrogenase into the medium. 
The pellets are then homogenized in the remaining incubation medium,and ali­
quots are taken for determination of the total amount of these enzymes initi­
ally present in cells or lobules. The amount of released enzyme is expressed 
as the percentage of the total amount initially present. 
8.3 Results. 
8,3.1 Morphological characterization of the isolated cells. 
Starting with one pancreas of between 0.6 and 0.8 g wet weight, the disper­
sion procedure results in a suspension of between 50 and 100 million isolated 
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Fig 32, Light-miarosaopioal miarophotographs of isolated rat panareatio acinar 
cells. Note the presence of single cells as well as of clusters of acinar 
cells arranged in acinus-like fashion. Toluidine-blue staining of 1 ρ Epon sec­
tions. 444 x. 
•*І5 ¿v. 
' asó 
« 
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Fig 33. Electron-microscopical microphotographs of isolated rat pancreatic 
acinar cells. Note the presence of vacuoles (some of which are partly filled 
with densely stained material) in the apical region of some of the cells. 
Uranyl acetate and lead citrate staining of ultrathin Epon sections. 3040 x. 
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cells. Figs 32 and 33 represent light- and electron-microscopical photographs 
of isolated cells, obtained with our method. As can be seen, the preparation 
contains single cells In addition to groups of 3 to 6 adhering acinar cells 
arranged in an acinus-like formation. Extensive examination of the preparat-
ion by light- and'electron-microscopy reveals that the suspension conhains 
virtually no other than acinar cells. The relative occurrence of acinar, cen-
tro-acinar/ductaI and endocrine cells in the isolated cell preparation and in 
undissociated lobules are given in Table XIV as the percentage of the total 
number of counted cells. The isolated cells contain only 3% of other than 
acinar cells, whereas this percentage amounts to 23% in und issociated lobules. 
When tested immediately after isolation, 8 ^ 3 ? (this and following values 
are means _+ SE of 9 different determinations in three different cell prepara-
tions) of the cells take up trypan blue. When this test is performed after 
incubation of the cells for 1 hour in KRB with 15? bovine serum albumin at 37° 
C, this value is increased to 20 _* 4%. This decrease in cell viability is not 
prevented by the addition of up to 1 mg/ml soybean trypsin inhibitor in the 
incubation medium. 
Of the aci nar cel I s 25 _+ 4? are bi nucleated, wh i le 7 _+ 2% appear to have 
no nucleus. A small number of isolated nuclei are also observed (not counted). 
As seen in Fig 33, the ultrastructural appearance of the isolated acinar 
cells is similar to that of these cells in undissociated tissue, with the ex-
ception of their rounded shape and the more frequent occurrence of vacuoles and 
lysosomal bodies in the isolated cells. 
8.3.2 Bioahemioal characterization and secretory function of the isolated 
cells. 
The recovery of DNA in the isolated cells is 52 _+ 5% (mean *_ SE of 5 ex-
periments) of the amount, which is present in the same quantity (by weight) 
of undissociated lobules as used for the preparation of the isolated cells. 
The loss of DNA may be ascribed to damaging during dispersion of the tissue 
(cell debris removed by the washings) and to incomplete dissociation (lumps 
of tissue removed by filtration). 
When expressed per mg protein, the content of DNA in the isolated cells 
is slightly but not significantly higher than that in the undissociated lobu-
les (Table XV), indicating either a slight contamination with isolated nuclei, 
or a loss of protein from the cells, or both. The specific activities of 
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Tab le XIV. Occurrence of acinar, centro-acinar/ductaI and endocrine cells in 
undissociated lobules and isolated cells of rat pancreas. 
Cel 1 type 
aci nar cel Is 
centro-aci nar/duc 
eel Is 
endocri ne cel Is 
other eel Is 
total 
:tal 
Un idissociated 
N 
317 
45 
17 
33 
412 
1 ob u1 es 
Í 
77.0 
10.9 
4.1 
8.0 
100.0 
Isolated 
N 
406 
2 
5 
6 
419 
eel Is 
% 
96.9 
0.5 
1.2 
1.4 
100.0 
N is total number of each cell type observed to be present in 10 different 
uI trami сrotóme sections (each of a separate block; about 40 cells counted per 
section) of each tissue preparation. Cell counts are performed on low power 
survey electron-micrographs of the stained thin sections. 
chymotrypsin, lactic dehydrogenase, hormone- or fluoride-stimulated adenylate 
cyclase and low К cyclic AMP phosphodiesterase, as well as the cyclic AMP 
content, are all slightly but insignificantly lower in the isolated cells than 
in the undissociated lobules (Table X V ) . However, the isolated cells have suf­
fered a significant loss of the basal adenylate cyclase and the high К phos­
phodiesterase activities (Table X V ) . 
The effect of hormones on the cyclic AMP level in isolated cells is deter­
mined by incubating the cells with or without PzO or secretin in the presence 
of 10 mM MIX (Table XVI). The treatment with MIX alone (washing and resuspen-
ding the cells in KRB with MIX) raises the cyclic AMP level more than 3-fold 
(compare left column of Table XVI with data in Table X V ) , although this in­
creased level is not fully maintained after 10 min incubation at 37° C. When 
3.10 M PzO is added also to the incubation medium, the cyclic AMP level is 
raised significantly above the control value already after one min of incuba­
tion, and remains constant during the following nine min. With 3.10 M secre­
tin the cyclic AMP level keeps increasing during the incubation period, and 
significantly exceeds the level obtained with PzO after 10 min. 
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Table XV. Biochemical determination of various components and enzyme activi 
ties in undissociatod lobules and in isolated cells of rat pancreas. 
Component/enzyme Content/act i ν i ty N expressed in 
DNA 
Undissociated lobules Isolated cells 
27.9 + 2.5 32.4 + 3.2 5 pg/mg protein 
Chymotryps in 
Lactic dehydr. 
Adenylate cyclase 
- basal 
- 10"6M PzO 
- 10 M secreti η 
- 10"2M NaF 
cAMP-phosphod i est. 
- Low К 
m 
- High К 
3
 m 
Cycli с AMP 
0.77 +_ 0.06 
0.24 _+ 0.06 
28 _+ 6 
458 _+ 72 
591 _+ 81 
971 +_ 73 
2.2 *_ 0.2 
68.2 Л7.5 
6.0 + 0.4 
0.74 + 0.12 
0.20 + 0.02 
12 *_ 2 
378 *_ 30 
417 _+ 56 
855 +_ 20 
1.6 _+ 0.4 
14.9 _+ З.б* 
5.6 + 0.5 
5 yMoles BTEE/min/ 
mg protein 
5 yKoles NADH/min/ 
mg protein 
5 pMoles ATP/10 
nin/mg protein 
лМоІез cAMP/15 
8 min/mg protein 
4 p4olos/ng pro­
tei η 
The contents or activities of the listed components are dehermined in the ho-
mogenate or particulate fraction of undissociated lobules or isolated cells 
from the same'pancreas, as described in 8.2.4. Values represent means _+ SE; 
N is number of different experiments, each with one pancreas. A significant 
difference (p < 0.05) between the two tissue preparations is indicated with 
an asterisk. 
The release of chymotrypsin and of lactic dehydrogenase from the isolated 
cells is compared to that from undissociated lobules in Table XVII. The unsti­
mulated chymotrypsin release from isolated cells is about 5-fold higher than 
-5 -7 
that from lobules. Carbachol (10 M) and PzO (3.10 Μ), which clearly increase 
the chymotrypsin release from lobules, have no significant effect on the re­
lease of this enzyme from the isolated cells. 
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In basal conditions, lactic dehydrogenase is also released at a higher 
rate from the isolated cells than from the und¡ssociated lobules. In the pre-
sence of carbachol the release of this enzyme from the lobules is increased 
to the same level as displayed by the isolated cells in the absence of stimu-
lants. The release of lactic dehydrogenase from the isolated cells is not 
further increased by carbachol or PzO. 
Tab le XVI . Су с I ic AMP content of isolated rat pancreatic aci nar cel I s, incubated 
in the presence of 10 mM MIX alone (control) or together with PzO or secretin. 
Incubation time Control PzO Secretin 
(min) <3.10"7M) (3.10"7M) 
0 14.4 _·_ 1.6 
1 14.6 _+ 1.6 20.3^2.8 24.1^6.2 
5 13.5 _+ 1.8 22.9^1.8 29.1 _+ 6.5 
10 11.8 _+ 1.7 19.6^0.8 43.2^8.0 
The results are expressed in pmoles cyclic AMP per mg protein and represent 
means _+ SE of 4 separate experiments. 
Table XVI I. Release* от chymotrypsin and lactic dehydrogenase from undissoci-
ated lobules and isolated cells of rat pancreas, incubated in the absence 
(control) or presence of carbachol or PzO. 
Undissociated N Isolated N 
lobules eel Is 
Chymotrypsin Control 
Carbachol (10"5M) 
PzO (3.10"7M) 
4.2 _* 0.7 
13.4 j · 1.2 
9.5 _+ 1.5 
1.8 *_ 0.5 
4.2 _+ 0.6 
2.0 + 0.4 
6 
6 
6 
5 
5 
5 
20.1 +_ 3.1 
20.3 +_ 2.4 
24.1 _* 2.4 
3.3 _+ 0.8 
3.8 +_ 0.9 
3.5 + 1.2 
8 
8 
8 
3 
3 
3 
Lactic dehydrogenase Control 
Carbachol (10"5M) 
PzO (3.10"7M) 
ж 
The amount of released enzyme is expressed, i η the percentage of the amount, 
initially present in the lobules or cells. The values represent means j^  SE of 
N experiments. 
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8.4 Discussion. 
By means of the dispersion method used in this study we have isolated a 
population of rat pancreatic cells, which contain a much smaller percentage 
of centro-acinar cells and ductal cells than the undissociated rat pancreas. 
The main reason for the selective loss of centro-acinar and ductal cells is 
probably that the branch-work of the ductal system largely remains intact, 
and therefore is retained on the screen through which the crude tissue di­
gest is filtered. The filtration residues indeed have been observed to con­
tain much ductal elements, although acinar cells still occur abundantly in 
these fragments (not shown). Apparently, the acinar cells are easily dislod­
ged from the tissue matrix and disconnected from each other by the dispersion 
treatment, whereas the ductal epithelium may be relatively inaccessible, or 
may offer a greater resistance, toward the dissociating agents. 
The basal adenylate cyclase activity in the isolated acinar cells is 
lower than in the undissociated tissue. However, this is probably not a re­
flection of a loss of enzyme molecules, since nearly equal specific activi­
ties can be found with both tissue preparations in the presence of PzO, 
secretin of NaF. Furthermore, the cyclic AMP level in the isolated cells can 
be influenced by the hormones in a manner which is very similar to that in 
rat pancreatic slices (compare Table XVI with Table VI). We may therefore 
conclude that the secretin- and pancreozymin-sensiti ve adenylate cyclase, 
characterized in chapters 3 and 4, is mainly located in the acinar cells, 
in any case is not restricted to the centro-acinar and ductal cells. 
If, as is usually assumed, the acinar cells do not partake in the process 
of fluid secretion, the presence of a pancreozymiη-sens i ti ve adenylate cycla­
se in these cells would be consistent with a role of cyclic AMP in the regu­
lation of enzyme secretion. On the other hand, we have concluded in chapter 
б that the pancreatic adenylate cyclase is a rate-1 imiting part of the sys­
tem regulating pancreatic fluid secretion. The presence of this adenylate 
cyclase in the acinar cells, as established in this study, then would be in 
favour of the hypothesis that the acinar cells also have a contribution to 
the fluid secretion. There is some recent experimental evidence from other 
authors concerning this matter, which will be discussed further in chapter 
10. Another possibility is that the adenylate cyclase in the acinar cells 
has no direct role in either secretory process, but is involved in the adap-
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tation of some metabolic function required by the secretory events. 
It is apparent from Table XV that the isolated cells have a considerably 
lower specific activity of high К cyclic AMP phosphodiesterase than the un-
dissociated lobules. A similar loss of cyclic AMP phosphodiesterase has also 
been noticed by Mackie and Schulster (1973) in rat adrenal cortical cells, 
isolated with collagenaso or trypsin. This loss may have several possible 
causes. First, the activity may be located predominantly in those cells that 
are lost in our isolation procedure. This seems improbable, however, because 
this would mean that these cells would contain this enzyme in very high ac­
tivity. Secondly, the activity may be located in the acinar cells, but be 
bound loosely and be released easily from these cells in the course of the 
isolation procedure. Thirdly, an inhibitor of this enzyme activity may become 
activated during the isolation. 
In spite of the lower activity of the high К phosphodiesterase in the 
isolated cells, the cyclic AMP level in these cells is not increased with 
respect to that in the undissociated lobules. Furthermore, the cyclic AMP 
levels in the Isolated cells is increased by 10 mM MIX and by PzO and secre­
tin in combination with MIX to values which are not significantly higher than 
those obtained in rat pancreatic slices (the data of Table VI can be expres­
sed in pmoles cyclic AMP/mg protein after division by the amount of protein 
per mg wet weight; this value is found to be 0.14 _+ 0.02 (n=15) mg/mg wet 
weight in rat pancreatic slices). These findings may suggest that the high 
К phosphodiesterase activity does not make an important contribution to 
maintaining the cyclic AMP level in intact pancreatic cells. Another explan­
ation is that the total activity of this enzyme is far in excess of the 
physiological need, and that a partial loss has no effects on the cellular 
cyclic AMP homeostasis. 
It is also shown in this study that the isolated cells release chymotryp-
sin under basal conditions at a much higher rate than do undissociated lobu­
les. Known stimuli of enzyme secretion, which have a clear effect on the lo­
bules, do not affect enzyme release from the isolated cells, probably because 
they are secreting already at a maximal rate. This de-regulation apparently 
is not related to the cyclic AMP metabolism, which seems to be not affected 
by the dissociation procedure, but may be due to an increase in the cyto­
plasmic calcium concentration, caused either by an increased permeability of 
the plasma membrane for this ¡on or by an enhanced release of Ca from its 
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¡ ntraceI IuIar store. 
Acinar cells. Isolated from the guinea-pig pancreas by a method similar 
to ours (Amsterdam and Jamieson, 1972), do not show an Increased basal enzyme 
secretion, and therefore seem to be more suitable for the study of the mecha-
nism and regulation of the enzyme secretion. Nevertheless, these cells are 
also less responsive to added carbachol or caerulein (Amsterdam and Jamieson, 
1972; Gardner et al, 1975). 
Our data do not permit to make any statement on the presence and hormone-
sensitivity of an adenylate cyclase in the centro-aci nar and ductal cells. 
Information on this point can be obtained after the isolation of a pure popu-
lation of these cells, and will be required for a more complete understan-
ding of the role cyclic AMP ¡n pancreatic exocrine secretion. 
- 116 -
CHAPTER 9. ATTEMPTS TO LOCALIZE ADENYLATE CYCLASE IN RAT EXOCRINE PANCREAS 
BY CYTOCHEMICAL METHODS. 
9.1 Introduction. 
Adenylate cyclase catalyses the conversion of ATP into cyclic AMP and PP.. 
A priori it seems conceivable that this enzymatic activity can be detected 
by cytochemical techniques at the electron-microscopical level, since PP. 
can enter into insoluble complexes with the cations of various heavy (elec­
tron-dense) metals. The first claim of a cytochemical localization of adeny­
late cyclase has been made by Reik et al (1970), who worked with rat liver. 
They used ATP as the substrate, and lead ions as the precipitating agent. A 
major draw-back of the use of ATP is that it also serves for phosphohydrolases 
(ATP-ases), which have much higher specific activities than adenylate cyclases 
in most tissues studied. Since P. liberated by these enzymes from ATP readi­
ly precipitates with lead ions, the Reik method will detect phosphohydrolase 
rather than adenylate cyclase activity. 
To circumvent this problem, Howell and Whitfield (1972) replaced ATP as 
substrate by adenylyl-imidodiphosphate (AMP-PNP), containing a nitrogen 
instead of an oxygen atom between the beta and gamma phosphorus atoms. 
NHj, 
NCJC> 
0 0 0 1 I I 
^
P
^ ^ -
P
^ ^ v . ^ C H ! 
5 H о g kr J? 
он он 
Adfflylyl - imidtKtiphoiphol« 
(AW-PM") 
This substance, first synthesized by Yount et at (1971), was shown by Rodbell 
et al (1971) to be resistent against the ATP-ase activity present in liver 
plasma membranes, while it serves as a substrate for the adenylate cyclase 
in these membranes producing cyclic AMP and imidodiphosphate (PIMP.). The 
apparent validity of the cytochemical localization, obtained by Howell and 
Whitfield in islets of Langerhans, is supported by their observation that 
glucagon and fluoride, known to stimulate islet adenylate cyclase in the bio­
chemical assay, enhance the formation of electron-dense deposits specifically 
located at the plasma membrane. 
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The use of AMP-PNP instead of ATP has also been applied with apparent 
success by Wagner et al (1972), who furnished further evidence for the validi-
ty of the method by using alloxan. This drug, previously shown to be an in-
hibitor of adenylate cyclase activity in rat liver (Cohen and Bitensky, 1969), 
could completely prevent the appearance of electron-dense precipitates in 
isolated capillaries when added to the cytochemical medium. 
We have attempted to apply the cytochemical method of Howell and Whitfield 
(1972) to the rat pancreas in order to establish the localization of the 
secretin- and pancreozymln-sensitive adenylate cyclase activity in this tissue. 
However, as will be described in this chapter, we are unable to observe 
substrate-specific precipitation. Therefore, we have evaluated this cytochem-
ical method by means of biochemical techniques, and have tried to design 
another cytochemical medium with more suitable properties. The results of 
these experiments will also be described in this chapter. 
9.2 Materials and methods. 
9.2.2 Materials. 
The sources of synthetic secretin and pancreozymln-C-octapeptide (PzO) 
have been mentioned in 2.2.1. The tetrasodium salt of AMP-PNP is obtained from 
ICN Pharmaceuticals, Eschwege, W. Germany, the tetralithium salt from Boehr-
inger, Mannheim, W. Germany. No differences are observed between these two 
preparations. Glutaraldehyde (Serva, Heidelberg, W. Germany) is diluted to a 
I? solution in a buffer containing 50 mM sodium cacodylate (Sigma, St. Louis, 
Mo, USA) and 200 mM sucrose, pH 7.4 ("cacodylate buffer"). A lí solution of 
formaldehyde is prepared by heating 100 mg formaldehyde (TAAB Laboratories, 
Reading, England) in 10 ml double distilled water to 65° C, and adding 2 M 
NaOH until a clear solution is obtained. The pH is adjusted to 7.4; the 
osmolarity is found to be 300 mOsm. This formaldehyde solution is prepared 
freshly for each experiment. Alloxan (Merck, Darmstadt, W. Germany) is dis-
solved to 100 mM with the precautions mentioned in 7.2.1. 
9.2.2. Tissue preparations. 
The pancreas of male Wistar rats, 200-300 g body weight and fed ad libi-
tum, is used in these experiments. The 8000 χ g, 5 min particulate fraction of 
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one pancreas, prepared as described in 3.2.2, is used for adenylate cyclase 
determinations. 
To test the effect of fixation on adenylate cyclase activity, isolated pan­
creatic acinar cells are prepared by the method described in 8.2.2, and wash­
ed twice in 150 mM NaCI. Half of the cell suspension is mixed with an equal 
volume of \% glutaraldehyde or formaldehyde and kept for 10 min at 4 C. The 
other half of the suspension is kept at 4 С in cacodylate buffer without 
aldehyde. Both cell suspensions are then washed twice in cacodylate buffer, 
and homogenized by hand (Dounce homogenizer) in the med i urn specified in 3.2.2. 
Both fixed and unfixed cells proved to be effectively broken upon examination 
by phase contrast microscopy. From each homogenate the 8000 χ g pellets are 
prepared for adenylate cyclase determination. 
For cytochemical incubations, 1 mm tissue blocks or isolated pancreatic 
acinar cells are used, either unfixed or pre-fixed for 5 to 45 min in 0.5% 
glutaraIdehyde or formaldehyde as above. After pre-f¡xat¡on, tissue blocks 
or cells are washed for 10 min in cacodylate buffer, and then for 2 min in 
the incubation medium without substrate. 
9.2.3 Adenylate ayalaee assays. 
32 
Aliquots of 10 pi enzyme preparation are incubated with alpha- P-ATP 
as substrate according to 3.2.3. In other experiments, the activity is measured 
with unlabeled AMP-PNP as the substrate in different cytochemical incubation 
media. The reaction is started by adding 10 μ| of the particulate fraction to 
40 μ I of the incubation medium, thereby bringing the final concentrations of 
the various constituents to the values listed in Figs 1 to 4. Parallel incuba­
tions are carried out with 10 pi aliquots of pre-boi led enzyme preparation in 
the same medium, containing in addition known amounts (0 to 20 picomoles) 
cyclic AMP. Incubations are performed for 10 min at 37° C, and the reaction 
is terminated by placing the tubes for 5 min in boiling water. After centrifu-
gation of the precipitated proteins, 40 μΙ of the supernatant is taken for 
the determination of the cyclic AMP content by means of the protein binding 
method described in 5.2.5. In the present experiments the binding protein is 
diluted such as to obtain a cyclic AMP determination with a useful range of 
0.5 to 20 picomoles cyclic AMP. Cyclic AMP production is linear with time and 
protein concentration in the various incubation media. 
- 119 -
9.2.4 Dynamios of precipitate formation. 
The stability of the different cytochemical incubation media and their 
reactivity toward added PNP. is checked by following the absorbance at 400 nm 
in a Zeiss PMQ II spectrophotometer, connected with a Kipp BD-11 pen recorder. 
The media are composed as listed in Figs 5 and 6, the final concentration 
being reached at the addition of the substance of interest to the medium in 
the cuvette. These additions are delivered from a 50 μΙ constriction pipet and 
stirring is accomplished by blowing a stream of air bubbles from the ρ I pet 
through the medium for 3 seconds. Absorbance changes occurring within the 
first 3 seconds can therefore not be followed. 
9.2.5 Cytoohemioal incubations and eleotvon-miarosoopy. 
Tissue blocks (10 to 20 mg wet weight per ml) or isolated cells (3.10 to 
6.10 per ml) are incubated for 30 or 60 min at 30 С in the cytochemical 
medium according to Reik et al (1970) as modified by Howell and Whitfield 
(1972), called the Reik-Howell medium, or ¡η a revised medium specified in 
9.3.5. Parallel incubations are performed in media without substrate, or in 
complete media with pre-boi led tissue or cells. The incubations are terminated 
by washing the tissue or cells twice for 5 min in cacodylate buffer. The wash­
ed material is fixed for 60 min in 155 g I utara Idehyde, postfixed in 2% osmium 
tetroxide and further prepared for transmission electron microscopy as des­
cribed in 8.2.3. 
9.3. Results. 
9.3.7 Effects of alloxan and of fixation. 
First, we have studied the effects of 10 mM alloxan and of different fixa­
tives on the basal and hormone- or NaF-stimulated rat pancreas adenylate cyclase 
activities. Table XVIII shows that addition of 10 mM alloxan to the assay medium 
almost completely inhibits all enzyme activity. As demonstrated in Table XIX 
adenylate cyclase activity in isolated acinar cells is not much affected by 
pre-fixation for 10 min in 0.5? formaldehyde. However, fixation in glutaralde-
hyde instead of formaldehyde results in over 90% inhibition of basal and stim­
ulated activities. 
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Table XVI I I Effect of 10 mM alloxan on the adenylate cyclase activity* in a 
particulate fraction, prepared from whole rat pancreas. Data are means *_ S.E. 
of three separate experiments. 
Control Alloxan 
Basal 45 _+ 23 9 +_ 5.6 
10"6M PzO 5 1 6 ^ 1 0 8 21 _+ 7.3 
10 M Secretin 608 + 6 7 20 + 5.4 
10" M NaF 813 _+ 44 75 + 19 
ж 
pmoles cyclic AMP/10 ,i/mg protein. 
Table XIX . Effect of pre-fixation of isolated rat pancreas acinar cells in 
0.5% formaldehyde or glutaraldehyde for 10 min on the adenylate cyclase 
activity in a particulate fraction, prepared from these cells. Data are means 
^ S.E. for three separate experiments. 
Basal 
10"6M PzO 
10"6M Secret 
J0"2M NaF 
i η 
Control 
20 *_ 12 
443 + 78 
465 + 44 
750 + 53 
Formaldehyde 
1 1 + 6 
268 + 57 
304 + 51 
602 *_ 32 
Gl utaraldehyde 
not detectable 
1 0 + 8 
3 4 + 1 8 
82 _+ 12 
pmoles cyclic AMP/10 min/mg protein. 
9.3.2 Localization of precipitates in the Reik-Howell medium. 
After cytochemical incubation of tissue blocks in the Reik-Howell medium, 
electron-dense deposits are found only in sections cut from the most superfici­
al layers. Precipitates in these sections occur as discrete, rather coarse 
granules, located frequently at the basement membrane of acini and ductuli, 
sometimes also at the inside or outside of the basal or lateral plasma membrane 
of acinar or ductal cells, but never in the luminal space or at the apical 
plasma membrane. Deposits are also commonly found at the basal side of capilla­
ries and on interstitial connective tissue elements. 
In isolated acinar cells, a fine granular precipitation is often observed 
at the outside of the apical plasma membrane and occasionally at the outside or 
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Inside of baso-lateral plasma membranes, while It Invariably occurs on rem-
nants of basement membranes. 
In both tissue preparations, precipitation granules are also often found 
in mitochondria. 
9.3.3 Effect of various aonditions on précipitation in the Reik-Howell medium. 
In contrast to the findings of Howell and Whitfield (1972) or of Wagner et 
al (1972), we do not observe significant alterations in the amount or the 
pattern of precipitation, when hormones or NaF are added to the incubation 
medium, when AMP-PNP Is omitted, or when 10 mM alloxan Is included. Further-
more, there is no difference in the occurrence of precipitates In unfixed, 
formaldehyde-fixed or glutaraldehyde-fixed material. In agreement with the 
above authors we find no precipitates in pre-bolled tissue or cells. These 
findings indicate that in both the presence and absence of substrato lead Ions 
form an insoluble complex with some component(s) In the pancreatic tissue. 
They also indicate that the adenylate cyclase activity in the cytochemical 
medium is too low to produce lead-PNP. precipitates detectable against the 
back-ground staining, even in the presence of hormones or fluoride. 
9.3.4 Adenylate oyolase activity in the Reik-Howell medium. 
This has led us to determine the adenylate cyclase activity under the con-
ditions of the cytochemical incubation. In the first experiment the effect of 
lead Ions on the enzyme activity is tested in the medium used in our biochem-
32 
ical assays with alpha P-ATP as the substrate (see 3.2.3). The results pre-
sented in Fig34show that lead ions give rise to a considerable formation of 
32 
P-cyclic AMP when incubated in this medium together with pre-boi led pancre-
atic particulate matter. This non-enzymatic cyclic AMP production is not 
affected by 10 mM alloxan (Fig 34c), in contrast to the enzymatic cyclic AMP 
formation by fresh particulate matter in the absence of lead ions (Fig 34a). 
The production of cyclic AMP by fresh enzyme In the presence of lead Ions is 
also inhibited by alloxan, but not completely (Fig 34b). This i nd ¡cates, that 
the cyclic AMP formation In the latter condition is partly enzymatic, partly 
non-enzymati c. 
In order to investigate the enzymatic reaction under the exact conditions 
of the Reik-Howell medium, a method was required to measure cyclic AMP formed 
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Fig 34. Cyalio AMP formation in the adenylate cyclase incubation medium 
specified in 3.2.2} in the presence of fresh (a, b) or pre-boiled (c) rat 
pancreatic particulate matter. Pb(NO
s
)2 (4 mM) is absent (a) or present (b,c) 
in the incubation medium. Alloxan (10 mM) is added as indicated in the figure, 
Data of a single experiment. 
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Fig 3S. Adenylate cyclase activity in a rat pancreas particulate fraction, 
incubated in the Reik-Houell cytochemical medium, with or without 4 mM Pb-
flWJg, Means + SE of seven separate experiments. 
f r o m AMP-PNP, We h a v e done t h i s by t h e p r o t e i n b i n d i n g m e t h o d d e s c r i b e d i n 
5 . 2 . 5 . As i l l u s t r a t e d i n F i g 3 5 , we f i n d a v e r y low b a s a l a c t i v i t y ( 3 p i c o m o l e s 
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cyclic AMP/10 min/mg protein) in particulate material incubated in the Reik-
HowelI medium without lead ions. The activity can be increased five to six­
fold by addition of 10~6M PzO, 10~6M secretin or 10~2M NaF to the incubation 
medium. In the presence of 4 mM lead nitrate, however, the basal activity is 
elevated to about 20 picomoles cyclic AMP/10 min/mg protein, and is not sig­
nificantly affected by hormones or NaF. Although, therefore, the rat pancrea­
tic adenylate cyclase activity is not zero in the Reik-Howell medium, this 
medium appears to be of little value for the cytochemical detection of this 
enzyme in view of the lack of stimulation by hormones or NaF. 
9.3.5 Search for a revised aytoehemical medium. 
It has recently be reported that adenylate cyclase of rat cerebral cortex 
(Maguire and Gilman, 1974) and beef adrenal medulla (Birnbaumer and Yang, 
1974) has a higher pH optimum with AMP-PNP than with ATP as substrate. Fig 36 
demonstrates that the same holds true for the NaF stimulated rat pancreatic 
adenylate cyclase. With AMP-PNP optimal activity is attained at pH 8.9, while 
pH 7.4 is optimal with ATP as substrate (Rutten et al, 1972). The activity 
toward AMP-PNP at pH 7.4 is only 30^ of that at pH Θ.9. Nevertheless, the 
activity at pH 7.4 in the medium of Fig 36 is about five-fold higher than the 
NaF-stimulated activity in the Reik-Howell medium (Fig 3 5 ) , probably due to the 
use of Tris-chloride instead of Tris-maleate buffer. 
In the light of these findings we have tried to develop a more favourable 
medium for adenylate cyclase cytochemistry, with a pH of 8.9 and buffered by 
Tris-chlori de. The use of lead ions at this pH is impossible because of 
spontaneous precipitation of lead hydroxide. For this reason we have searched 
for another metal ion, which at pH 8.9 would not precipitate spontaneously as 
its hydroxide or with AMP-PNP, which would leave the adenylate cyclase activi­
ty optimally intact, and which would readily give an electron-dense reaction-
product with PNP. . We have established that 4 mM BaCI,, meets these require­
ments. In a clear medium, containing 80 mM Tris-HCI, 10 mM theophylline, 5 mM 
MgCI„, 200 mM sucrose and 4 mM BaCI- (pH 8.9), no precipitation occurs when 
0.5 mM AMP-PNP is added. The adenylate cyclase activities in this medium are 
given in Fig 37. In the absence of BaCI_, basal activity is 35 pmoles cyclic 
—fi 
AMP/10 min/mg protien, while a 5- to б-fold stimulation is obtained with 10 
M of each of the hormones and an 8-fold increase with 10 mM NaF. The addition 
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Tns-Cl 8 0 mM 
MgCl2 5 m M 
Sucrose 2 0 0 mM 
Theophylline 10 mM 
NaF 10 mM 
AMP-PNP 0 5 mM 
pH vanes 
Fig 36. pH-dependenae of adenylate oyalase activity in a rat pancreas particu­
late fraction with 0.5 mM AMP-PNP as the substrate. Data of a single experi­
ment. 
Tris-CI 80 mM 
Theophyll. 10 mM 
МдСІг 5 mM 
Sucrose 200 mM 
ВаСІ2 varies 
AMP-PNP 0.5 mM 
PH=8.9 
NaF 
1 0 ' 2 M 
Fig 37. Adenylate cyclase activity in a rat pancreas particulate fraction, in­
cubated in a revised cytoahemical medium with BaCl2 at pH 8.9. Means + SE of 
three separate experiments. 
of 4 mM BaCI 2 t o the medium does not a f f e c t the basal a c t i v i t y , s l i g h t l y en­
hances the hormone-st imulated a c t i v i t i e s , whereas i t i n h i b i t s the NaF-stimu-
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la+ed activity by about 40?, probably through complexation of barium ions 
with part of the fluoride. The secretin-stimulated activity in this medium 
with 4 mM BaCI- is about 25-fold higher than in the Reik-Howell medium with 
4 mM lead nitrate (compare Fig 37 with Fig 35). 
9.3.6 Reactivity of the cytoahemiaal media with respect to PNP.. 
The reactivity of different cytochemical media toward PNP. is investigated 
by following changes in absorbance at 400 nm, caused by precipitate formation. 
As demonstrated in Fig 38, after each PNP.-addition a rapid increase in ab-
sorbance occurs within the first few seconds, followed by a slower phase. 
Both the height of the. first jump and the initial slope of the slower phase 
increase with increasing PNP. concentration. About triple the amount of PNP. 
must be added to our revised medium than to the Reik-Howell medium to accom-
plish the same initial increase in absorbance. In contrast, the cytochemical 
medium of Wagner et al (1972) is about 50 times less sensitive to added PNP. 
than the Reik-Howell medium. In all three cytochemical media, additions of 
PNP. and cyclic AMP together in equimolecular amounts cause the same increas-
es in absorbances as equal additions of PNP. alone (not shown). 
9.3.7 Cytochemical testing of the revised medium. 
It can thus be said that our revised medium, though half as sensitive to-
ward PNP., yields 25 times h igherhormone-stimuIatedadenyI ate cyclase activity 
than the Reik-Howell medium. Therefore, the revised medium would seem to 
offer good perspectives for the cytochemical detection of adenylate cyclase. 
Cytochemical incubation of formaldehyde-fixed isolated acinar cells in the 
revised medium without AMP-PNP does not result in the appearance of precipi-
tates at any location in the electron micrographs. In the presence of AMP-PNP, 
both with and without hormones or NaF, this same lack of staining is observed. 
In one experiment, only the lamellae of the endoplasmic reticulum were stained 
in this medium, both with and without substrate. However, the addition of PNP. 
to the cytochemical medium during the incubation of the cells causes precipi-
tation, visible as electron-dense granules attached to the outside of the 
ce I Is. 
We are forced to conclude from these findings that the pancreatic adenylate 
cyclase activity, even in this favourable medium, does not produce sufficient 
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Hg 38. Precipitation induced by addition of PNP. to (1) the Reik-Howell 
cytochemical medium, (2) our revised cytochemical medium, and (3) the cyto-
chemical medium of Wagner et al (1972). The composition of the media (after 
addition of PNP.) is listed on the right. The final concentration of PNP^ 
is given in \¡M at the end of each aurve. 
PNP. to obtain clearly localized precipitates. 
9.3.8 Causes of artifaotual precipitation in the Reik-Howell medium. 
In the course of this study we have found a possible cause of artifactual 
precipitation in the Reik-Howell medium. It can be seen by close inspection 
of Figl38'that precipitation develops in this medium already before PNP.-
addition. More detailed studies (Fig|39') have shown that this spontaneous pre-
cipitation starts at the addition of AMP-PNP to the other constituents of 
this medium. The precipitation rate is considerably enhanced when sucrose 
instead of glucose is used in the Reik-Howell medium, or when the concentration 
of glucose is lowered. In contrast, with b% dextran instead of glucose (as in 
the medium of Wagner et al, 1972) this spontaneous precipitation does not oc-
cur. 
The spontaneous precipitate formation in the Reik-Howell medium can also 
be increased by the addition of CaCI? in millimolar concentrations (Fig 40). 
This effect of CaCI_ is not seen when AMP-PNP is omitted, but it is more pro-
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Fig 40. Preoipitation induced by addition of CaCl2 to (1) the Reik-Howell cyto-
chemical medium, (2) the same medium without substrate, and (3) the same 
medium with 10 mM NaF. 
nounced when 10 mM NaF is p r e s e n t in the medium ( F i g 4 0 ) . A d d i t i o n of 10 mM 
a l l o x a n does not a l t e r t h i s ca lc ium e f f e c t . No p r e c i p i t a t i o n develops when 
c a l c i u m ions are added t o the medium of Wagner e t al (1972) o r t o our r e v i s e d 
medium ( n o t shown). 
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9.4. Disaussion. 
In this study we have applied the cytochemical method of Reik et al (1970), 
as modified by Howell and Whitfield (1972), for the localization of adenylate 
cyclase in rat exocrine pancreas. This method has been employed during the 
last few years with apparent success for the detection of adenylate cyclase 
in kidney (Sato et al, 1974; Jande and Robert, 1974), uterus (Abro and 
Kvinnsland, 1974,) and in a fungal species (Tu and Malhotra, 1973), in addit-
ion to liver (Reik et al, 1970) and islets of Langerhans (Howell and Whitfield, 
1972). In contrast to the reports of these authors, who do not observe preci-
pitates in the absence of substrate, we find as much precipitate in the pre-
sence of substrate as in its absence. Addition of 10 mM alloxan, or pre-fixa-
tion of the tissue in glutaraIdehyde, both of which treatments greatly inhibit 
adenylate cyclase activity, do not prevent or reduce precipitation. There is 
also a difference in the kind of precipitates, which in our incubations con-
sists of rather coarse granules, while the other investigators report seeing 
uniform layers of fine granules. Only in pre-boi led tissue and cells we do 
not find any precipitate, which may be due to a general loss of precipitation 
nuclei from the tissue, rather than to inhibition of enzyme activity. 
In an attempt to find the reason for this lack of substrate-specific 
staining, we have measured the adenylate cyclase activity under the conditions 
of the Reik-Howell medium. Cyclic AMP formation from AMP-PNP by pancreatic 
particulate matter is indeed detected in this medium, although the activity 
in the presence of 4 mM lead nitrate is insensitive to hormones and NaF. In 
an attempt to develop a more favourable cytochemical medium, barium ions have 
been used as the trapping ¡on ina medium of pH 8.9. This medium yields high-
er adenylate cyclase activities than the Reik-Howell medium, which is mainly 
due to its having the optimal pH for the reaction with AMP-PNP as substrate. 
Furthermore, hormones and NaF can stimulate the activity several-fold in this 
revised medium, while it is also quite reactive to added PNP.. However, this 
med i um also fails to produce substrate-specific precipitation in isolated 
formaldehyde-fixed acinar cells, which contain considerable adenylate cyclase 
activity (Table XIX). Although we have not used the medium of Wagner et al 
(1972) in our cytochemical experiments, this medium does not seem to offer 
more promise in view of its low pH (7.2), and of its very poor reactivity 
toward added PNP. (Fig 38). 
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We have restricted our experiments to the exocrine pancreas, but in the 
tissues for which a successful I adenylate cyclase localization has been 
claimed, adenylate cyclase specific activities as determined in biochemical 
assays are not notably higher than in exocrine pancreas (less than 1 nanomole 
cyclic AMP/10 min/mg protein in the homogenate). It will be interesting to 
see whether our revised medium is also more optimal than the lead containing 
medium for the adenylate cyclase activities in these tissues, and, if so, 
whether the same cytochemical localizations are obtained in this revised 
medium as in the lead containing medium. 
In a recent study, appearing after the completion of our work, Lemay and 
Jarett (1975) have applied the Reik-Howell method to fat cell plasma membranes. 
Like we, these authors find precipitation on both sides of these membranes, 
even after incubation without substrate or in the presence of 10 mM alloxan. 
In contrast to our results, Lemay and Jarett find that the fat cell adenylate 
cyclase, as determined in a sensitive biochemical assay, is completely inhi-
-4 bited by 10 M lead nitrate. They also demonstrate that ATP or AMP-PNP can be 
converted non-enzymati cal I y into ATP and cyclic AMP in the presence of mi I li-
molar concentrations of lead nitrate. This non-enzymatic process could be in-
hibited by 10 mM alloxan. Although we have confirmed that lead ions can cause 
the formation of cyclic AMP from ATP in the absence of enzyme (Fig 34c), in 
our hands alloxan does not inhibit this reaction. On the other hand, we find 
that the cyclic AMP formation by native pancreatic particulate matter in the 
absence of lead ions is fully inhibited, while that in the presence of lead 
ions is partly inhibited. Our findings therefore indicate that both enzymatic 
and non-enzymatic formation of cyclic AMP can occur under the conditions of the 
Reik-Howell medium. Thus, our observations do not permit us to conclude that 
cytochemical localizations obtained with this medium are entirely artifactual. 
Nevertheless our observations and those of Lemay and Jarett give rise to 
the suspicion, that the substrate-specific precipitation found by other 
authors with the Reik-Howell medium is·at least partly caused by non-enzymatic 
reactions. This suspicion is strengthened by the spontaneous formation of 
turbidity, which occurs at a slow rate in the Reik-Howell medium, and is pro-
bably related to the hydrolysis of AMP-PNP by lead ions mentioned above. We 
have further noticed that calcium ions can enhance this spontaneous precipi-
tate formation. Calcium ions are known to be present in plasma membranes 
(Shlatz and Marinetti, 1972a; Nijjar and Pritchard, 1972), while the amount 
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of calcium bound to these membranes in increased by glucagon or epinephrine 
(Shlatz and Marinetti, 1972 ; Nijjar and Pritchard, 1972). In addition, a 
hormone-stimulated calcium efflux from intracellular stores has been des-
cribed for several tissues (Friedmann and Park, 1968; Nielsen and Petersen, 
1972; Case and Clausen, 1973). Such mechanisms may explain the hormone 
effect on the staining intensity in lead containing media, which is observed 
in some cytochemical studies. The effect of NaF on the staining intensity 
may perhaps be ascribed to our finding of increased precipitate formation 
by calcium ions in the presence of NaF (Fig 40). 
Although AMP-PNP is not a substrate for ATP-ases (Rodbell et al, 1971), 
it still may be split into AMP and PNP. by pyrophosphohydrolase activity. 
This enzyme has been poorly investigated, but has been detected in a number 
of rat tissues, including pancreas (Wang and Morris, 1974). Its specific ac-
tivity in the homogenate of these tissues is in the order of umoles/10 min/ 
mg protein, although this is with ITP as substrate, and ATP is converted at 
a several hundred times lower rate. Nevertheless, the latter rate is in the 
order of the adenylate cyclase specific activity in the same tissues. 
It is clear from the above considerations that visualization of adenylate 
cyclase activity by lead ¡on methods can be complicated by the appearance of 
precipitation, which does not arise from the activity of this enzyme, and 
which sometimes occurs even in media without substrate. The revised barium 
containing medium at pH 8.9 would seem to offer advantages over the lead ion 
media, and although it gives negative results in exocrine pancreas, it might 
prove applicable to the detection of adenylate cyclase in other tissue or 
fragments thereof. 
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CHAPTER 10. GENERAL DISCUSSION. 
10.1 Role of cyclic AMP in pancreatic enzyme secretion. 
After cyclic AMP had first been implicated in the regulation of pancrea-
tic enzyme secretion by KuIka and Sternlicht (1968) and Ridderstap and Bonting 
(1969 ), a number of investigators have devoted themselves to verify this hy-
pothesis. It has been mentioned at several places before in this thesis that 
the experimental evidence obtained in these investigations is often inconsis-
tent and sometimes even contradictory. We shall discuss this evidence here in 
the light of the four minimal conditions, which according to Sutherland et 
al (1968) should be fulfilled before cyclic AMP can be accepted as a second 
messenger in a given hormonal regulation: 
1) agents which are expected to raise the intracellular concentration of 
cyclic AMP should mimiek the hormone after their administration to the tar-
get tissue (examples of such agents are cyclic AMP, dibutyryl cyclic AMP, 
phosphodiesterase inhibitors like theophylline, papaverine, MIX, adenylate 
cyclase activators like cholera toxin); 
2) the effect of a submaximal hormone dose should be potentiated by the simul-
taneous administration of a phosphodiesterase inhibitor; 
3) after hormone administration the cyclic AMP concentration in the target 
tissue should rise before (or at least not after) the biological response; 
4) the hormone should activate an adenylate cyclase in a broken cell prepara-
tion of the target tissue. 
We have seen in 1.3.1 that the pancreatic enzyme secretion can be increas-
ed by pancreozymin, cholinergic stimulation and (slightly) by secretin. Fur-
thermore, secretin can potentiate the ecbolic effect of pancreozymin in rat 
pancreas in vivo (Fölsch and Wormsley, 1973), and in vitro (Deschodt-1anckman 
et al, 1975). In order to evaluate the possibility that one or more of these 
regulations occurs by way of cyclic AMP, we shall arrange the available evi-
dence according to these four criteria of Sutherland et al (1968). 
ad 1). The older evidence concerning this criterium has been summarized before 
in section 2.1. We have confirmed the finding of Bauduin et al (1971), Moris-
set and Webster (1971), Heisler et al (1972) and Beaudoin et al (1974) that di-
bityryl cyclic AMP stimulates the release of digestive enzyme (chymotrypsin 
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¡π our case) from rat pancreatic slices (see 2.3.4). Furthermore, MIX has 
nearly the same effect (see 2.3.5). However, we have also shown that both 
these agents enhance the release of LDH as well, indicating some gross al­
teration of the cell membrane permeability, and weakening the physiological 
significance of the effects on the chymotrypsin release. 
The positive effect with theophylline (1-10 mM) on the enzyme secretion 
of rabbit (Ridderstap and Bonting, 1969c; Knodell et al, 1970), cat (Peder-
son et al, 1970; Case and Scratchend, 1972) and dog (Guelrud et al, 1971) 
pancreas should also be interpreted with caution, since theophylline in these 
concentrations is known to have ofher effects beside inhibiting the phospho­
diesterase. E.g. theophylline can increase the permeability for chloride ions 
in frog skin (Cuthbert and Painter, 1968) and the passive chloride-bicarbo­
nate exchange across the ductal epithelium in cat pancreas (Case and Scrat­
chend, 1972), which effects are not obsenved with (dibutynyl) cyclic AMP in 
these tissues. After stimulation with pancneozymin on acetylcholine penmea-
bility changes occun in the plasma membnane of the acinan cells (Nishiyama 
and Petensen, 1975). If such changes ane causally related to the process of 
enzyme secretion, the action of theophylline on enzyme secretion may also 
be due to an altered plasma membrane permeability. Altennatively, an effect 
on the calcium metabolism should be neckoned with. Caffeine, closely similan 
in stnucture to theophylline, releases calcium ions from sarcoplasmic reti­
culum in skeletal muscle (Batra, 1974). Although caffeine has no effect on 
45 
the Ca-efflux on the enzyme ne I ease f nom baby nat pancneas (Smith et a I, 
1974), the effect of theophylline on calcium movements nemains to be explon-
ed. 
Similarly, the effect of papavenine on enzyme secnetion in the nabbit 
pancneas in vitno (Rutten, 1974) on in nat pancneas slices (see 2.3.5) may 
also be nelated to changes in plasma membnane penmeability on in calcium 
metabolism (see review by Ferrari, 1974). 
Finally, these nucleotides and phosphodiesterase inhibitors may also act 
by inhibiting the cyclic GMP phosphodiesterase activity and thus increasing 
the cyclic GMP level. Robberecht et al (1974) have observed a sharp increase 
in the level of cyclic GMP after pancneozymin on canbachol, suggesting that 
this nucleotide may function as an intnacellulan mediaton in the negulation 
of enzyme secnetion. 
Except fon the findings in chapten 2 we have not obtained any funthen 
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evidence ¡η our studies, which could be used to fulfill the first criterion. 
On the contrary, some of our findings apparently are in conflict with this 
criterion. The experiments with cholera toxin show that an increased cyclic 
AMP production is not sufficient by itself to trigger enzyme secretion (see 
6.3). Alloxan, a strong inhibitor of the basal or stimulated cat or rat pan­
creatic adenylate cyclase (see 7.3.2 and 9.3.1), causes only small decreases 
in the basal or stimulated enzyme secretion from the perfused cat pancreas 
(Porter and Scratcherd, 1973). Imidazole, which stimulates the high Km cyclic 
AMP phosphodiesterase activity in cat pancreas (see 7.3.2), increases the en­
zyme secretion from the perfused cat pancreas instead of decreasing it 
(Scratcherd, 1974). 
ad 2). Theophylline has been shown to potentiate the effect of pancreozymin 
on enzyme secretion in the rabbit pancreas in vitro (Ridderstap and Bonting, 
1969 ). However, at most an additive effect of pancreozymin and theophylline 
is observed in the dog pancreas in vivo (Guelrud et al, 1971) or in the per­
fused cat pancreas (Case and Scratcherd, 1972), while caffeine has no effect 
at all on the pancreozymin-response in rat pancreas slices (Bauduin et al, 
1971). Neither is the effect of dibutyryl cyclic AMP on rat pancreas slices 
significantly increased by caffeine (Bauduin et al, 1971). It should be men­
tioned, however, that caffeine is a poorer inhibitor of the pancreatic cyclic 
AMP phosphodiesterase than theophylline (Rutten et a 1, 1973 ). The positive 
effects with theophylline again need not be related to phosphodiesterase in­
hibition, but may also be due to possible actions at the level of ion move­
ments. 
ad 3). It is generally accepted that the pancreatic cyclic AMP level can be 
increased by secretin (see 5.1). There are, however, conflicting reports on 
the effect of pancreozymin and cholinergic agents. Benz et al (1972) and Bhoo-
la and Lemon (1975) do not observe a rise of cyclic AMP with the latter sub­
stances in slices of the guinea-pig and cat pancreas, respectively, incubated 
in the presence of theophylline, although enzyme secretion is clearly stimula­
ted by these agents. In contrast. Case et al (1972) find rapid and large in­
creases of cyclic AMP in cat pancreas after both pancreozymin and acetylcho­
line, even without using a phosphodiesterase inhibitor. These affects are al­
so observed after a very low dose of pancreozymin, or after acetylcholine in 
combination with atropine, while these treatments do not increase enzyme se­
cretion. In the rat, finally, pancreozymin or PzO can elevate the cyclic AMP 
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concentration гп vitro, although a phosphodiesterase inhibitor is required 
for this effect (Deschodt-Lanckman et al, 1972; chapter 5 of this thesis). 
A final decision on the fulfilment of this criterion is also hampered by 
the uncertainty about the time lag between the actual moment of enzyme secre­
tion and the first detectable increase of enzyme content in the secreted 
fluid or the incubation medium. Therefore, it is difficult to tell whether 
an effect on cyclic AMP precedes (or at least does not follow) an effect on 
enzyme secretion. 
ad 4). Rat and cat pancreas contain an adenylate cyclase which can be stim­
ulated by both secretin and pancreozymin or PzO (Rutten et al, 1972; Marois 
et al, 1972; Deschodt-Lanckman et al, 1974; Schulz et al, 1974; Lemon and 
Bhoola, 1975; chapter 4 and 7). The enzyme is, however, not stimulated by 
acetylcholine or carbachol (Rutten et al, 1972; Lemon and Bhoola, 1975). 
It can thus be said that criteria 1 and 2 are not fulfilled in a satisfy­
ing manner. Criteria 3 and 4 are met with entirely for the action of secre­
tin, but not completely for that of pancreozymin, and least of all for that 
of acetylcholine, on enzyme secretion. Moreover, there is a large discrepan­
cy between the relative effects of these hormones on the cyclic AMP level or 
on the adenylate cyclase activity on the one hand and on the enzyme secretion 
on the other hand. In addition, the effects on cyclic AMP or adenylate cy­
clase may also be related to the action of secretin and pancreozymin on pan­
creatic fluid secretion (see 10.2). 
It is concluded for these reasons that the status of cyclic AMP as se­
cond messenger ¡n the regulation of pancreatic enzyme secretion is far from 
being established. However, on the basis of the present data, such a status 
cannot yet be excluded . 
10.2 Role of cyclic AMP in pancreatic water and electrolyte secretion. 
As said before at many places in this thesis, the pancreatic fluid secre-
tion is not under the exclusive control of secretin. In the rat, pancreozymin 
or PzO are at least as potent as secretin (see 6.3.2), while acetylcholine 
also has a marked effect in this animal (Debray et al, 1972). Although in 
the cat high doses of pancreozymin are required in order to observe a small 
increase of the fluid secretion (Brown et al, 1967), acetylcholine again has 
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a pronounced effect (Lenninger and Ohi in, 1971). Furthermore, the effect of 
secretin can be augmented by pancreozymin or cholinergic agents (see 1.2.1). 
In order to discuss the possible role of cyclic AMP in the action of one 
or more of these regulators of the pancreatic fluid secretion, we have arran-
ged again the available experimental evidence according to criteria of Suther-
land et al (1968). 
ad 1). Exogenous cyclic AMP (10 M) has a small but significant effect on the 
fluid secretion of the isolated rabbit pancreas (Ridderstap, unpublished ob-
servations). The smallness of the effect may be due to the known fact that 
this preparation has a high spontaneous fluid secretion, which cannot be stim-
ulated much further by secretin (Ftothman and Brooks, 1965 ). Pederson et al 
(1970) report that dibutyryl cyclic AMP has no effect on the fluid secrefion 
of the secret in-stimuIated perfused cat pancreas, but the authors state that 
the fluid secretion might have been stimulated already maximally in their 
experiment. In the unstimulated perfused cat pancreas, which doos not secrete 
fluid, dibutyryl cyclic AMP evokes fluid secretion in appreciable amounts, 
thus mimicking the effect of secretin (Case and Scratcherd, 19/2). 
An increased pancreatic fluid secretion has also been observed by Vaille 
et al (1966) wifh caffeine in the rat -in vivo, which was later ascribed by 
this group to inhibition of the cyclic AMP phosphodiesterase (Debray et al, 
1972). Small, but significant, positive effects on fluid secretion have been 
noticed with theophylline in the rabbit pancreas in vitro (Ridderstap, un-
published observations; KnodelI et al, 1970) and in the unstimulated perfused 
cat pancreas (Case and Scratcherd, 1972), a I though not in the unstimulated dog 
pancreas in vivo (Tompkins and Kuchenbecker, 1973). 
Cholera toxin, which activates rat pancreas adenylate cyclase and ele-
vates the cyclic AMP concentration in rat and cat pancreas, enhances the pan-
creatic fluid and bicarbonate secretion from these species (chapter 6; Smith 
and Case, 1975). The diverse effects of cholera toxin ¡n all other investi-
gated tissues appear to be fully due to the stimulation of the adenylate cy-
clase in these tissues by the toxin (see 6.4). This argues against the possi-
bility that the effects on the flow rate and the bicarbonate level are the 
result of another mode of action of cholera toxin. 
Alloxan, which strongly inhibits pancreatic adenylate cyclase, decreases 
the secretin-stimulated fluid secretion from the perfused cat pancreas to the 
same extent and in the same concentration (see 7.3.2 and Porter and Scratcherd, 
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1973). Nicotinic acid and imidazole stimulate the cyclic AMP phosphodiesterase 
and also lower the flow rate in the perfused cat pancreas (see 7.3.7 and 
Scratchend, 1974), although with imidazole the effect on the enzyme activity 
is observed already at a lower concentration than that on the fluid secretion. 
ad 2 ) . Theophylline strongly potentiates the effect of secretin when the lat-
ter is given in a submaximal dose to the perfused cat pancreas (Case and 
Scratchend, 1972) or to the dog pancreas -in vivo (Tompkins and Kuchenbecker, 
1973). During maximal stimulation by secretin, however, the flow rate is de-
creased by theophylline in the dog in vivo (Guelrud et a 1, 1971) as well as 
in the perfused cat pancreas (Case and Scratcherd, 1972), which effect has 
not yet been explained. 
It is unlikely that theophylline nimicks or potentiates the action of se-
cretin on the volume secretion by changing the plasma membrane permeability 
for ions, or by altering the calcium metabolism. Theophylline decreases the 
bicarbonate level in cat pancreatic fluid, probably by enhancing the permea-
bility of the ductal epithelium and thereby allowing a passive equilibration 
of anions between the luminal and interstitial compartments (Case and Scrat-
cherd, 1972). In contrast, secretin increases the bicarbonate level (along 
with the flow rate) by an active process. This suggests that secretin and 
theophylline do not increase the volume secretion by changing ionic permea-
bilities. Furthermore, secretin does not affect the calcium efflux from rat 
pancreas in vitro (Case and Clausen, 1973), while omission of calcium ions 
from the fluid perfusing the isolated cat pancreas has no acute effect on 
the responsiveness to secretin (Argent et al, 1973). So, the common charac-
teristic of the mode of action of secretin and theophylline is probably not 
an altered calcium metabolism. 
ad 3) and 4). With negard to these criteria, the same evidence as cited in 
10.1 can be mentioned here for the case of fluid secretion. The positive ef-
fects of secretin on the cyclic AMP level and the adenylate cyclase activi-
ty are consistent with a role of cyclic AMP in the action of this hormone 
on fluid secretion. The greater effect of PzO on the adenylate cyclase in rat 
pancreas than on that in cat pancreas (comparo 4.3.1 with 7.3.1) also corre-
lates with the greater effect of pancreozymin or PzO on the flow rate in 
the former species. The effects of pancreozymin and acetylcholine on the 
cyclic AMP level in cat pancreas (in the absence of an effect of these agents 
on fluid secretion), as observed by Case et al (1972), cannot be considered 
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as serious coun+er-evidence as long as their observations have not been re­
produced by other investigators. 
In summary, it can be concluded that the criteria of Sutherland et al 
(1968) are satisfied rather well by the present evidence for the actions of 
secretin and pancreozymin on the fluid secretion, although this is not so 
for the action of acetylcholine on this process. We therefore conclude that 
the effects of secretin and pancreozymin on volume secretion are mediated 
by cyclic ΛΜΡ. In addition, the available evidence also supports such a role 
of cyclic AMP in the action of secretin on the anion composition of the pan­
creatic fluid. 
10.3 Relation between localization and function of rat pancreas adenylate 
cyclase. 
It is shown in chapter 6 that cholera toxin increases the flow rate of 
the cannulated rat pancreas in vivo. This effect takes place most probably 
through activation of an adenylate cyclase, since all known effects of chole­
ra toxin can be explained by activation of this enzyme (see 6.4). We have 
reported in chapter 8 that the secretin- and pancreozymiη-sensi ti ve adenylate 
cyclase, characterized previously by Rutten et al (1972) and in chapters 3 
and 4 of this thesis, can be recovered for a large part in isolated rat pan­
creatic acinar cells. However, the adenylate cyclase which upon its stimula­
tion by cholera toxin leads to increased fluid secretion is not necessarily 
identical to the adenylate cyclase in the acinar cells. Table XV demonstrates 
that the specific activities of the hormone- and NaF-stimulated adenylate 
cyclase in the isolated acinar cells tend to be slightly lower than those in 
the whole tissue, indicating the presence of adenylate cyclase activity in 
the centro-acinar and ductal cells. Therefore, if it is assumed that only 
these cells are responsible for the pancreatic water and electrolyte secret­
ion, the action of cholera toxin on the flow rate may be entirely due to acti­
vation of an adenylate cyclase in the centro-acinar and ductal cells. 
However, if the latter is true, what then is the function of the adeny­
late cyclase in the acinar cells? Apparently, it is not involved directly 
in the control of enzyme secretion from these cells. On the one hand, cholera 
toxin stimulates the whole tissue adenylate cyclase (see 6.3.1), which must 
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to a large degree be located in the acinar cells (see 8.3.2), while on the 
other hand it does not elicit enhanced enzyme secretion (see 6.3.2). The aci­
nar cells have commonly be assumed not to participate m pancreatic fluid 
secretion (Thaysen, 1960), but, as we have seen in 1.2.3, there is no 
firm evidence to really disprove a '-ole of the acinar cells m this secretory 
process. Moreover, m the parotid gland the acinar cells are generally accep­
ted as the origin of both enzyme and (primary) fluid secretion, since there 
are no centro-acinar cells ι η thι s gland. So, it is reasonable and legitimate 
to consider a participation of the pancreatic acinar cells in the formation 
of the primary fluid. It is, therefore, important to check again on this 
place whether such a role of the acinar cells is, or is not, supported by 
the results of the physiological investigations. 
In the rabbit pancreas the interlobular ducts are able to secrete fluid 
(Schulz et al, 1969; Swanson and Solomon, 1973). In the rat pancreas, however, 
fluid secretion does not occur at this ductal level, not even after stimula­
tion by secretin, pancreozymin or Pilocarpin (Mangos et al, 1974). So, in 
this animal the fluid secretion is restricted to elements closer to or loca­
ted in the acini, although it is still not known precisely which cells are in­
volved (acinar, centro-ас ι nar or intercalary duct cells). 
With regard to the electrolyte secretion, it is known that the bicarbonate 
level in rat pancreatic fluid is increased by secretin (Heatley, 1968; Shaw 
and'Heath, 197?; Sewell and Young, 1975; chapter 6 of this thesis). The origin 
of this secreti η-1nduced bicarbonate secretion has been clarified by micro-
puncture and microperfusion studies. In the "primary" secretion of the rat 
pancreas, punctured from the acinar lumen, the chloride concentration is not 
altered by administration of secretin (Mangos and McSherry, 1971). In the 
interlobular ducts of the rat pancreas, however, secretin causes an exchange 
of chloride for bicarbonate ions in the fluid (Mangos et al, 1974, see 1.2.3). 
This effect is not observed after pancreozymin, in agreement with the finding 
of Sewell and Young (1975) that PzO or caerulem do not affect the anionic 
concentrations as measured in the finally secreted fluid of the rat pancreas. 
Since cholera toxin has the same effect as secretin on the chloride concentra­
tion in the rat pancreatic fluid (6.3.2), we have concluded that activation 
of this bicarbonate/chloride exchange is mediated by cyclic AMP. This means 
that the interlobular duct cells probably contain an adenylate cyclase, which 
is sensitive only to secretin. It follows also from these findings that the 
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adenylate cyclase in the acinar cells is not involved in the secret in-induced 
bicarbonate secretion. 
Some recent studies have provided further information on the mechanism 
and possible origin(s) of rat and mouse pancreatic fluid secretion. An impor-
tant observation has been made by Ueda (1975) on the isolated perfused rat 
pancreas. Secretin, pancreozymin and acetylcholine all strongly increase 
fluid secretion from this preparation, when a bicarbonate-buffered Krebs-
Ringer medium is used as the perfusate. However, when the bicarbonate buffer 
is replaced by a Tris buffer the stimulating effect of secretin is abolished, 
while that of pancreozymin and acetylcholine remains unaffected. It has sub-
sequently been found by Sewell and Young (1975) that the effect of pure na-
tural secretin and of PzO on fluid secretion from the rat pancreas in vivo 
are additive. These observations strongly suggest that rat pancreatic fluid 
secretion can occur by way of two different mechanisms, one requiring the 
presence of bicarbonate and regulated by secretin, while the other is indepen-
dent of bicarbonate and is controlled by pancreozymin and acetylcholine. 
In view of the observation that secretin does not alter the chloride 
(and hence neither the bicarbonate) concentration in the acinar lumen (Mangos 
and McSherry, 1971), it is improbable that the bicarbonate-dependent compo-
nent of fluid secretion derives from the acinar or centro-acinar cells. Rath-
er, the Intercalary or intralobular duct cells are responsible for this com-
ponent. 
There is electrophysiological evidence which suggests that the two me-
chanisms of fluid secretion are located in different cell types. Greenwell 
(1975) has found that mouse pancreas contains a number of cells which depola-
rize after acetylcholine or pancreozymin but not after secretin, and a number 
of other cells which are hyperpol ari zed by secretin but do not respond to 
acetylcholine. The depolarization by pancreozymin or acetylcholine, which has 
been observed earlier by Dean and Matthews (1972) in what are assumed to be 
acinar cells, has been attributed commonly to stimulation of the enzyme secre-
tion by pancreozymin or acetylcholine. However, this depolarization may be 
ascribed now with equal right to the stimulation of the bicarbonate-indepen-
dent component of fluid secretion by these agents. The population, which is 
hyperpolarized by secretin but not by acetylcholine, probably comprises the 
cells that are involved in the bicarbonate/chloride exchange process or in 
the bicarbonate-requiring component of fluid secretion, since both these 
- 140 -
processes are stimulated by secretin and not by Pilocarpin or acetylcholine 
(see above). Both these processes probably are located in ductal cells, and 
not in acinar or centro-ас i nar cells (see above). It would follow that the 
pancreozymin- and acetyIcholine-stimulated (b¡carbonate-independent) compo-
nent of fluid secretion derives only from the acinar or centro-acinar cells, 
or from both. (This argument would not hold, when the stimulation of this 
component would be electrically undetectable, but, as discussed below, this 
is improbable.) 
So, on the basis of the present physiological knowledge it cannot be ex-
cluded that the acinar cells participate in fluid secretion, although this 
would be restricted to the secretin-insensiti ve component thereof. When such 
a participation would indeed prove to be real, it would be tempting to assign 
the hormone-stimulated adenylate cyclase in the acinar cells a role in the re-
gulation of this part of the fluid secretion. 
However, such a role is not supported by the finding of Petersen and 
Ueda (1975) that neither secretin nor cyclic AMP have an effect on the poten-
tial or the membrane (input) resistance of the rat pancreatic acinar cell. 
In other tissues, hormonal activation of cyclic AMP mediated processes (inclu-
ding fluid secretion) or administration of exogenous cyclic AMP is generally 
accompanied by clearly detectable changes in these electrical parameters (see 
review by Petersen, 1974). In view of this rule, the lack of electrical effects 
wii-h secretin or cyclic AMP in the acinar cells has led Petersen and Ueda 
(1975) to theiconciusion that there are no physiologically important receptors 
on these cells. According to this reasoning it would also follow that pan-
creozymin does not exert its effect(s) on the acinar cell by way of cyclic 
AMP. Therefore, even if the acinar cells would participate in the fluid se-
cretion, it would be improbable that this part of the fluid secretion is con-
trolled via the adenylate cyclase system. 
On the other hand, as an exception to the rule, activation of fluid se-
cretion from the acinar cells might not be electrically detectable. Even then, 
however, a role of the adenylate cyclase in the control of such a fluid se-
cretion would be disfavoured by our finding that the adenylate cyclase in the 
acinar cells is stimulated by secretin (Table XV), whereas the secretin-st¡m-
uIated component of fluid secretion probably does not derive from the acinar 
ce I Is. 
A remaining possibility for the function of the adenylate cyclase in the 
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acinar cells then might be +e adapt the intermediary metabolism of the acinar 
cell to the requirements of increased enzyme (and perhaps fluid) secretion 
after hormonal stimulation. 
We are thus unable to establish definitively the role of the adenylate 
cyclase in the acinar cells. For a final elucidation of this role the exact 
knowledge of the origin(s) of the pancreatic water and electrolyte secretion 
is required. This will remain an important task for future investigators. 
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GENERAL SUMMARY. 
This study has been prompted by the earlier observations of Ridderstap 
(1969) about the effects of added cyclic AMP or theophylline on the secretion 
of the isolated rabbit pancreas in vitro, and of Rutten (1974) about the pre-
sence of a secretin- and pancreozymin stimulated adenylate cyclase in rat 
pancreas homogenate. The first observation led to the postulation of a role 
of cyclic AMP in the regulation of the enzyme secretion by pancreozymin 
(Ridderstap and Bonting, 1969 ), while the second yielded evidence suggesting 
a role of this nucleotide in the regulation of the water and electrolyte se-
cretion by secretin and pancreozymin. 
It was the aim of this study (1) to confirm and extend our knowledge of 
the way in which secretin and pancreozymin control the pancreatic cyclic AMP 
metabolism, and (2) to collect new evidence for the elucidation of the role 
of cyclic AMP in the regulation of the two secretory processes maintained by 
the exocrine pancreas. 
The first aim wc have tried to achieve by characterizing in more detail 
the secretin- and pancreozymin- stimulated adenylate cyclase in rat pancreas 
(chapters 3 and 4) and establishing Its presence in cat pancreas (section 
7.3.1), and by investigating the effects of these hormones on the cyclic AMP 
concentration in intact rat pancreatic cells (chapter 5). In carrying out the 
second aim we have assessed the action of several substances, expected or 
shown to affect the pancreatic cyclic AMP content or metabolism, on the exo-
crine secretory behaviour of the rat pancreas (chapters 2 and 6), as well as 
the effects of some substances, known to affect the exocrine secretion of the 
cat pancreas, on the cat pancreatic cyclic AMP metabolism (section 7.3.2). 
In addition, we have tried to locate the adenylate cyclase activity in the 
two different cell types of the exocrine pancreas, viz. the acinar cells res-
ponsible for the enzyme secretion and the centro-aclnar and ductal cells invol-
ved in water and electrolyte secretion (chapters 8 and 9). 
In chapter 1 we have reviewed our current knowledge of the structure of 
the tissue and its constituent cells (1.1), about the regulation, origin and 
mechanism of the fluid secretion (1.2) and enzyme secretion (1.3), and also 
about the stimulus-secretion coupling In both secretory processes (1.4). 
Chapter 2 describes the effects of hormones and of some agents thought 
to increase the intracellular cyclic AMP or cyclic GMP concentration on the 
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release of chymotrypsin from rat pancreatic slices. We have found positive 
effects of chymotrypsin release with dibutyryl cyclic AMP and with the phos-
phodiesterase inhibitor MIX. However, these agents also augment the release 
of lactic dehydrogenase from the slices, which raises some question about the 
physiological significance of the effects on the chymotrypsin release. The 
effects observed with cyclic GMP and dibutyryl cyclic GMP do not support a 
role of cyclic GMP in the regulation of enzyme secretion; consequently, no 
further investigations on the possible role of this nucleotide have been car-
ried out. 
As seen in chapter 3, the stimulation of the rat pancreas adenylate cycla-
se by pancreozymin-C-octapeptide (PzO), and to a lesser extent that by secre-
tin, is reduced by pre-i neubat¡on of the enzyme preparation in the cold. It 
Is observed subsequently that phospholi pase activity occurs in the particu-
late fraction used for the adenylate cyclase assays, and that addition of 
certain phospholipids to the assay-medium can increase the stimulation by PzO 
and also, but less, that by secretin. Various molecular mechanisms to explain 
these phenomena are studied in 3.3.3, and discussed in 3.4. It is concluded 
that the endogenous phospholi pase attacks membrane lipids required for the 
maintenance of an optimal receptor conformation. The added phospholipids may 
protect this conformation by shielding the phospholi pase or by restoring the 
damaged membranes. 
In chapter 4 the effects of secretin and PzO, alone or in combination, are 
studied in the presence of added phosphatidyIserine. The two hormones appear 
to have equal potencies and nearly equal efficacies . There is no additive 
effect, when the two hormones are used in maximally activating concentrations 
(4.3.1), leading us to the conclusion that these hormones activate the same 
adenylate cyclase. 
The findings of chapter 3, and the course of the dose-response curves of 
the hormones alone and in combination, already indicate that this adenylate 
cyclase contains two separate receptors, one for each hormone. This has been 
confirmed in studies with hormone-analogues, which are virtually inactive by 
themselves, and which preferentially inhibit the effect of the chemically re-
lated parent hormone (4.3.2). However, the concomitant inhibition of the 
effect of the chemically dissimilar hormone suggests that the two receptors 
do not behave entirely independently of each other. 
* see 3.2.6 
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It ¡s known from the literature that the hormone stimulation of adenylate 
cyclase in a number of tissues is regulated by guanyInucleotides. In order to 
be sure that the above conclusions would also be valid in the presence of 
guanyInucleoti des, we have tested the effects of GTP and GMP-PNP. GTP has very 
little effect by itself, while it can increase the efficacy but not the poten-
cy of PzO and secretin. GMP-PNP, resistant against phosphohydrolase breakdown, 
has a strong stimulating effect by itself, which, however, is not further in-
creased by simultaneous addition of one or both of the hormones (4.3.3). 
Therefore, we have no reason to revise our previous conclusions. 
The sensitivity of rat pancreas adenylate cyclase to both secretin and 
PzO is reflected in the finding that the cyclic AMP level in rat pancreatic 
slices can be increased by both hormones (chapter 5). However, this is only 
observed with freshly isolated slices incubated in the presence of 10 mM MIX. 
It is demonstrated furthermore in chapter 5 that the cyclic AMP determination 
according to the method of Brown et al (1971) will only yield correct results 
for pancreatic tissue extracts if they have previously been purified by ion-
exchange chromatography. 
Chapter 6 describes the effects of cholera toxin on the basal and stimu-
lated rat pancreatic adenylate cyclase activity, and of secretin, PzO and 
'cholera toxin on the water, electrolyte and enzyme secretion of the cannulated 
rat pancreas -in vivo. Adenylate cyclase activation is observed in the parti-
culate fraction of pancreatic slices, which are incubated for more than 30 min 
in the presence of cholera toxin. No activation is obtained by addition of 
cholera toxin to the enzyme assay medium. The stimulation by the toxin is not 
additive to that by the hormones, indicating that the toxin acts on the same 
enzyme as the hormones do. 
Fluid secretion from the cannulated pancreas is increased about twofold 
more by intravenous injection of 0.1 pg PzO than of 0.1 pg synthetic secretin, 
while the effect of PzO on enzyme secretion is about 5-fold larger than that 
of secretin. The effect of secretin on enzyme secretion is larger than can 
be explained by a "wash-out" effect. When cholera toxin is topically applied 
on the pancreatic tissue, the flow rate increases after a time lag of about 
30 min. This effect is accompanied by a fall in the chloride concentration 
of the secreted fluid, which is also observed after secretin infusion. The 
enzyme secretion is not significantly affected by the toxin. These findings 
support the hypothesis that cyclic AMP is the second messenger in the regula-
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tion of pancreatic water and electrolyte secretion. They also show that in­
creased cyclic AMP production by itself does not need to result in enhanced 
enzyme secretion. 
The responsiveness of the adenylate cyclase of cat pancreas toward secre­
tin and PzO is reported in chapter 7 (section 7.3.1). Although both hormones 
can stimulate this enzyme, the potency of PzO is markedly lower than that of 
secretin. This correlates with the much smaller effect of pancreozymin than 
of secretin on cat pancreatic fluid secretion (see 1.2.1), and not with the 
lack of effect with secretin on cat pancreatic enzyme secretion. It there­
fore favours a direct role of the adenylate cyclase in the control of fluid 
rather than of enzyme secretion. 
Alloxan, nicotinic acid and imidazole modify the basal or stimulated fluid 
and enzyme secretion of the isolated perfused cat pancreas (Porter and Scrat-
cherd, 1973; Scratcherd, 1974). The effects of these substances on cat pan­
creatic adenylate cyclase and cyclic AMP phosphodiesterase are given in 
7.3.2. Alloxan inhibits adenylate cyclase, and nicotinic acid stimulates the 
low Km cyclic AMP phosphodiesterase. Both substances inhibit the secretin-
stimulated fluid secretion, again consistent with a role of cyclic АКР in this 
process. However, both drugs also decrease to some extent the acetyIcholi ne­
on pancreozymin-induced enzyme secretion, so that the combined physiological 
and biochemical data leave room for a role of cyclic AMP in the regulation 
of enzyme secretion. On the other hand, imidazole (10 mM) does not affect the 
secretin- and PzO-stimulated adenylate cyclase activities or the low-K phos-
m
 r 
phodiesterase activity, and yet it clearly elevates enzyme secretion. 
Attempts to locate the secretin- and pancreozymin-stimulated adenylate 
cyclase in the different cells of the rat pancreas are described in chapters 
8 and 9. In chapter 8 this has been done by using the technique of collagenase 
digestion to obtain a suspension of dispersed cells. Morphological examination 
of the resulting preparation reveals that it consists nearly entirely of 
acinar cells, while centro-acinar and ductal cells are virtually absent. Ex­
pressed in terms of specific activity the acinar cells appear to contain 
slightly (but not significantly) less hormone-stimulated adenylate cyclase ac­
tivity than the undissociated tissue. Furthermore, the cyclic AMP level in 
the acinar cells can be increased by both hormones in the same way as in pan­
creas slices. A notable defect of the isolated acinar cells is their high 
basal enzyme secretion which cannot be further increased by the usual stimuli. 
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A cytochemical method, claimed +o be useful for the ultrastructural loca-
lization of adenylate cyclase activity, has been applied to rat pancreas 
(chapter 9) . The results of this study show that the method is unfortunately 
unsuitable for exocrine pancreas, since it does not yield substrate-specific 
staining. Another cytochemical medium has been developed, which contains 
barium instead of lead ions to capture the reaction product. In biochemical 
tests this medium appears to be about 25 times more favourable for the secre-
t¡n-stimuIated adenylate cyclase activity, while it is only about 3 times less 
active in producing precipitation with the reaction product. Nevertheless, 
in this med i urn no staining is detected at all. Some possible causes of arti-
factual staining in the lead-containing medium have been noticed. 
In a general discussion (chapter 10) our observations and those of others 
are evaluated in the light of the criteria of Sutherland et al (1968) for a 
role of cyclic AMP as second messenger in a hormonally regulated process. 
It is concluded that such a role is probably played by this nucleotide in the 
regulation of pancreatic water and electrolyte secretion, whereas this is less 
likely, but not entirely excluded, for the regulation of pancreatic enzyme 
secretion. In section 10.3, finally, an attempt is made to integrate our con-
clusions on the function and location of the adenylate cyclase with the avail-
able information on the origin(s) of pancreatic water and electrolyte secre-
tion. It appears that this in only partly possible, and that further know-
ledge is required of the possible contributions from the different cell types 
to the pancreatic fluid before definitive conclusions can be drawn. 
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SAMENVATTING. 
De aanleiding van dit onderzoek werd gevormd door de waarnemingen van 
Ridderstap (1969) en Ruften (1974) van dit laboratorium. De eerstgenoemde 
vond dat exogeen cyclisch AMP of theophylline de enzym-secretie van de geïso-
leerde konijnepancreas stimuleerde, hetgeen aanleiding was tot de hypothese 
dat cyclisch AMP de intracellulaire "tweede boodschapper" is van het effect 
van pancreozymins op de enzym-secretie. Ruften, die deze hypothese verder 
heeft getest, toonde vervolgens aan dat het adenylaat cyclase, voorkomend in 
het homogenaat van rattepancreas, gestimuleerd kan worden door pancreozymine, 
maar ook door secretine. Dit laatste gaf reden te veronderstellen dat cy-
clisch AMP mogelijk een rol speelt in de regulatie van de ν loe i s tof-secret i e 
door secretine en pancreozymine. 
Het doel van dit onderzoek was (1) nadere informatie te verkrijgen over 
de manier waarop secretine en pancreozymine het cyclisch AMP metabolisme in 
de pancreas beïnvloeden, en (2) verdere aanwijzingen he verzamelen omtrent de 
mogelijke rol van cyclisch AMP in de regulatie van de twee genoemde secretie-
processen. Ten behoeve van het eerste doel werd het secretine- en pancreozy-
mi ne-gevoeI ige adenylaat cyclase in de rattepancreas nader gekarakteriseerd 
(hoofdstuk 3 en 4), en de aanwezigheid van dit enzym in kattepancreas vastge-
steld (sectie 7.3.1). Tevens werd nagegaan of de twee hormonen in staat zijn 
de cyclisch AMP concentratie in intacte pancreas-cellen te verhogen (hoofd-
stuk 5). Voor het tweede doel werd het effect bepaald van verschillende 
stoffen, die de intracellulaire cyclisch AMP concentratie kunnen doen toene-
men, op de enzym- en vloeistof-secrehie van de rattepancreas in vitro (hoofd-
stuk 2) of in vivo (hoofdstuk 6), terwijl ook werd gekeken naar het effect 
van stoffen, 'die het secretie-gedrag van de kattepancreas beïnvloeden, op de 
enzymen van het cyclisch AMP metabolisme in de kattepancreas (sectie 7.3.2). 
Daarnaast werd geprobeerd vast te stellen, in welk van de twee celtypen van 
de exocriene pancreas het adenylaat cyclase is gelocaIiseerd: in de acineuze 
cellen, verantwoordelijk voor de enzym-secretie, of in de centro-acineuze en 
ductulaire cellen, betrokken bij de water- en electrolyt-secretie (hoofdstuk 
8 en 9 ) . 
In hoofdstuk 1 hebben we een overzicht gegeven van de huidige kennis om-
trent de morfologie van de exocriene pancreas en de verschillende cellen daar-
in (1.1), omtrent de regulatie, de oorsprong en het mechanisme van de vloei-
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stof-secretie (1.2), en de enzym-secretie (1.3), alsmede omtrent de stimulus-
secret i ekoppel i ng in beide secretie-processen (1.4). 
In hoofdstuk 2 wordt het effect beschreven van hormonen en van stoffen 
waarvan men aanneemt dat ze de intracellulaire concentratie van cyclisch AMP 
of cyclisch GMP verhogen op de afgifte van chymotrypsi ne vanuit coupes van 
de rattepancreas. Carbachol en het C-termi na I e octapeptide van pancreozymine 
verhogen de chymotryps¡ne afgifte; synthetisch secretine heeft geen effect. 
Positieve effecten worden gevonden met dibutyryl cyclisch AMP en met de fosfo-
diesterase remmer MIX. Echter, deze stoffen veroorzaken ook een verhoogde 
afgifte van het enzym melkzuur dehydrogenase vanuit de coupes, hetgeen de 
fysiologische betekenis van de effecten op de chymotryps!ne afgifte verzwakt. 
De effecten, waargenomen met cyclisch GMP en dibutyryl cyclisch GMP, geven 
geen duidelijke aanwijzing omtrent een rol van cyclisch GMP in de regulatie 
van de enzym-secretie. Daarom is geen verder onderzoek naar zulk een rol inge-
steld. 
Zoals in hoofdstuk 3 is gerapporteerd, wordt de stimulering van het adeny-
laat cyclase in de rattepancreas door pancreozymine-C-octapeptide (PzO), en 
in mindere mate ook die door secretine, verkleind door pre-incubatie van het 
enzym-preparaat bij 0 C. Er blijkt een aanzienlijke fosfolipase activiteit 
voor te komen in de deeltjes-fractie, gebruikt voor de adenylaat cyclase bepa-
lingen; bovendien blijken verschillende fosfol¡piden, na toevoeging aan het 
bepalingsmedium, de hormoon-stimulatie te kunnen doen toenemen. Dit fosfoli-
pide-effect is ook weer geringer bij stimulatie door secretine dan bij die 
door PzO. Verschillende mogelijke mechanismen voor deze effecten zijn bestu-
deerd. De waarnemingen zijn in overeenstemming met de conclusie dat de endoge-
ne fosfolipase activiteit de membraan-1 i piden afbreekt die zijn vereist voor 
het ¡n stand houden van de juiste receptor-conformatie in het adenylaat cy-
clase complex. De toegevoegde fosfol¡piden zouden kunnen werken door het 
fosfolipase af te schermen, of de door dit enzym aangebrachte schade te her-
stel len. 
Vervolgens zijn de dosis-response relaties bepaald van de effecten van 
secretine en PzO op het adenylaat cyclase, ¡η aanwezigheid van toegevoegd fos-
fatidyIserine, en in af- of aanwezigheid van een constante concentratie van het 
andere hormoon. De resultaten, beschreven in sectie 4.3.1, laten zien dat beide 
hormonen een half-maximaal stimulerende concentratie hebben van 10 M, en 
ongeveer dezelfde maximale werkzaamheid bezitten. Het maximale effect van beide 
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hormonen ¡η kombinatie ¡s niet hoger dan dat van secretine alleen, hetgeen 
erop wijst dat beide hormonen op hetzelfde adenylaat cyclase inwerken. 
De in hoofdstuk 3 en sectie 4.3.1 beschreven waarnemingen doen tevens 
vermoeden dat dit adenylaat cyclase twee aparte receptoren bezit, een voor 
elk hormoon. Dit wordt bevestigd in experimenten met hormoon-anaIoga, die op 
zich nauwelijks werkzaam zijn, en bij voorkeur het effecf remmen van het 
chemisch verwante hormoon (sectie 4.3.2). Echter, de gebruikte analoga rem-
men ook de stimulatie door het niet-verwante hormoon, zodat we concluderen 
dat de twee receptoren zich niet geheel onafhankelijk van elkaar gedragen. 
Het is bekend uit de literatuur dat de hormoon-stimulatie van het adeny-
laat cyclase in een aantal weefsels wordt gereguleerd door guanyI nucleotides. 
Om er zeker van te zijn dat de voorgaande conclusies ook nog opgaan in aan-
wezigheid van deze nucleotides werd het effect nagegaan van GTP en GMP-PNP 
(sectie 4.3.3). GTP op zich heeft slechts een gering effect, maar verhoogt 
de werkzaamheid van de hormonen wanneer de activiteit wordt bepaald bij een 
lage substraat- (ATP-) concentratie. De half-maximaal stimulerende concentra-
tie van PzO wordt echter door GTP niet verschoven. GMP-PNP, dat niet door 
fosfohydrolasen kan worden afgebroken, heeft een sterk stimulerend effect op 
zich, dat echter niet verder wordt verhoogd door gelijktijdige toevoeging van 
een of beide hormonen. We hebben daarom geen reden, de bovenvermelde conclu-
sies te herzien. 
De waarneming, dat zowel secretine als PzO het adenylaat cyclase in de 
rattepancreas kunnen stimuleren, wordt weerspiegeld in do bevinding dat de 
concentratie van cyclisch AMP in weef se I-coupes van de rattepancreas kan 
worden verhoogd door toevoeging van elk van de twee hormonen (hoofdstuk 5). 
Dit wordt echter alleen gedetecteerd in vers gesneden coupes, en in aanwezig-
heid van 10 mM MIX. Het is daarnaast gebleken dat de bepaling van het cyclisch 
AMP gehalte volgens de methode van Brown et al (1971) alleen juiste resulta-
ten geeft voor pancreas-extracten, indien deze eerst worden gezuiverd door 
middel van ionenwisselings-chromatograf¡e. 
Hoofdstuk 6 beschrijft het effect van cholera toxine op de basale en gesti-
muleerde adenylaatcyclase activiteit, en van PzO, secretine en cholera toxine 
op de water-, electrolyt- en enzym-secretie van de gecannuleerde rattepancre-
as in vivo. Cholera toxine activeert het adenylaat cyclase in de deeltjes-
fractie, bereid van coupes, die langer dan 30 min. zijn geTncubeerd in de aan-
wezigheid van het toxine. Geen activering wordt waargenomen wanneer het toxi-
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ne direct aan het bepal ¡ngs-medi urn wordt toegevoegd. De stimulatie door cho-
lera toxine is niet additief met die door de hormonen, wat erop wijst dat het 
toxine op hetzelfde enzym inwerkt als de twee hormonen. 
De vloeistof-secretie vanuit de gecannuleerde rattepancreas wordt ca. 2 
maal meer gestimuleerd door intraveneuze injectie van 0.1 \ig PzO dan van 0.1 
Vig secretine. In deze doses is het effect van PzO op de enzym-secretie ca. 
vijf maal groter dan dat van secretine. De toename van de enzym-secretie door 
secretie is groter dan kan worden verklaard door een "uitwas-effect". Wanneer 
cholera toxin locaal wordt aangebracht tussen de lobjes van het pancreas-
weefsel, dan neemt de ν loe i stof-secret i e na een latentie-periode van ca. 30 
min. langzaam toe. Het effect wordt vergezeld door een afname van de chloride 
concentratie in het pancreas-sap, hetgeen ook optreedt tijdens een secret ine-
infuus. Het cholera toxine heeft geen significant effect op de enzym-secre­
tie. Deze resultaten ondersteunen de hypothese dat cyclisch AMP de "tweede 
boodschapper" is in de regulatie van de water- en electrolyt-secretie door 
secretine en pancreozymine. Ze demonstreren ook dat een toegenomen productie 
van cyclisch AMP op zich niet voldoende hoeft te zijn voor een toename in 
enzym-secretie. 
In sectie 7.3.1 wordt aangetoond dat het adenylaat cyclase in de katte-
pancreas ook gestimuleerd kan worden door secretine en PzO. De half-maximaal 
stimulerende concentratie van PzO ligt hier echter aanzienlijk hoger dan die 
van secretine. Daar pancreozymine een veel kleiner effect heeft op de vloei­
stof-secretie van de kattepancreas, terwijl secretine anderzijds geen effect 
op de enzym-secretie (zie 1.2.1 en 1.3.1), is de hormoon-gevoel igheid van dit 
enzym in overeenstemming met een rol in de regulatie van de ν loe i stof-secre­
tie, en niet in die van de enzym-secretie. 
Alloxaan, nicotinezuur en imidazol beïnvloeden de basale of gestimuleerde 
vloeistof- en enzym-secretie van de geïsoleerde geperfundeerde kattepancreas 
(Porter en Scratcherd, 1973; Scratcherd, 1974). De effecten van deze stoffen 
op de adenylaat cyclase en cyclisch AMP fosfodi esterase in kattepancreas zijn 
vermeld in sectie 7.3.2. De basale en hormoon-gestimuleerde adenylaat cyclase 
blijkt te worden geremd door alloxaan, en de lage К fosfod¡esterase te worden 
gestimuleerd door nicotinezuur. Aangezien beide stoffen de secret ine-gest¡mu-
leerde vloeistof-secretie remmen, kloppen de bevindingen met een rol van cy-
clisch AMP ¡π de regulatie van dit secretie-proces. Echter, beide stoffen 
remmen ook enigermate de pancreozymine-gesti mu leerde enzym-secretie, zodat de 
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gegevens ruimte laten voor de mogelijkheid dat cyclisch AMP is betrokken bij 
de regulatie van de enzym-secretie. Aan de andere kant heeft imidazol geen 
effect op de hormoon-gestimuleerde adenylaat cyclase of de lage-K fosfodies-
terase, terwijl het wel de enzym-secretie verhoogt. 
Pogingen om te achterhalen in welk celtype van de rattepancreas zich het 
secretine- en pancreozymine-gevoel¡ge adenylaat cyclase bevindt, zijn be-
schreven in hoofdstuk θ en 9. In hoofdstuk 8 ¡s dit geschied door het weefsel 
te dispergeren In een suspensie van geïsoleerde cellen met behulp van de col-
lagenase techniek. Morfologisch onderzoek van de resulterende suspensie wijst 
uit dat hierin vrijwel geen centro-acineuze en ductulaire cellen meer vooi— 
komen, en dat alleen nog acineuze cellen worden aangetroffen. Uitgedrukt in 
enzym-activiteit per mg eiwit bevat deze suspensie van acineuze cellen ¡ets 
(doch niet significant) minder adenylaat cyclase dan het niet gedi ssoci eerde 
weefsel. Bovendien kan het gehalte van cyclisch AMP in de geïsoleerde acineu-
ze cellen door de twee hormonen op vrijwel identieke wijze beïnvloed worden 
als dat in pancreas-coupes. Een opvallend verschil tussen de geïsoleerde cel-
len en de coupes is dat de eerste een veel hogere basale enzym-secretie heb-
ben, die niet verder toeneemt in aanwezigheid van de gebruikelijke stimuli. 
Daarnaast hebben we een cytochemische methode, welke volgens de litera-
tuur geschikt is voor de electron-microscop¡sehe detectie van adenylaat cycla-
se activiteit, toegepast op rattepancreas (hoofdstuk 9). Helaas bleek de me-
thode niet bruikbaar voor dit weefsel: we vinden geen specifieke neerslag-
vorming in de met substraat en stimulantia geïncubeerde preparaten ten op-
zichte van de controle's geïncubeerd zonder substraat. In een gemodificeerd 
medium, waarvan de lood ionen zijn vervangen door barium ionen, en dat een 
hogere pH bezit, is de secretine-gestimuleerde adenylaat cyclase activiteit 
ongeveer 25 maal hoger dan in het oorspronkelijke medium, hoewel dit laatste 
ongeveer 3 maal sneller neerslag-vorming geeft met het reactie-product. Incu-
batie van weefsel of geïsoleerde cellen in dit gemodificeerde medium levert 
echter in het geheel geen neerslag op.. Tenslotte zijn enkele mogelijke ooi— 
zaken gevonden voor het optreden van η i et-enzymatische neerslag-vorming tij­
dens incubatie in het oorspronkelijke lood-bevattende medium. 
In een algemene discussie (hoofdstuk 10) is nagegaan in hoeverre onze 
waarnemingen en die van anderen kunnen voldoen aan de kriteria, die door 
Sutherland en medewerkers (1968) zijn gesteld voor een rol van cyclisch AMP 
als "tweede boodschapper" in een hormoon-gestuurd proces. We concluderen dat 
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zo'n rol waarschijnlijk wordt vervuld door cyclisch AMP in de besturing van 
de water- en elertrolyt-secretie, terwijl dit minder waarschijnlijk (doch 
niet geheel uitgesloten) is voor de regulatie van de enzym-secretie. In sectie 
10.3 is tenslotte gepoogd onze conclusies aangaande de functie en localisatie 
van het adenylaat cyclase te plaatsen ¡n het totaal van de beschikbare infor-
matie omtrent water- en electrolyt-secretie vanuit de rattepancreas. Het 
blijkt dat dit slechts gedeeltelijk mogelijk is, en dat definitieve conclusies 
uitgesteld moeten worden tot het moment waarop de afzonderlijke bijdragetn) 
van de verschillende celtypen aan het totale secretie-product bekend zullen 
zijn. 
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Vanfa 1 maart 1972 is hij als wetenschappelijk ambtenaar in dienst van 
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STELLINGEN 
1. De algemeen heersende opvatting, dat de acineuze (enzym-secreterende) 
cellen van de exocriene pancreas geen rol spelen bij de secretie van 
water en electrolyten, dient te worden betwijfeld. 
Dit proefschrift: hoofdstuk 10. 
2. De waarneming van Deschodt-Lanckman et al, dat het effect van secretine 
op het gehalte aan cyclisch AMP in slices van de rattepancreas kan 
worden verkleind door gelijktijdige toevoeging van pancreozymine, kan 
niet worden verklaard uit een gecombineerd effect van deze beide hor-
monen op de adenylaat cyclase activiteit in dit weefsel. 
Dit proefschrift: hoofdstuk 4. 
Deschodt-Lanckman, M., Robberecht, P., De Neef, P., Labrie, F., Christophe, 
J. (1975): Gastroenterology, 68, 318-325. 
3. De methode voor een histochemische localisatie van het bicarbonaat-
gestimuleerde ATPase, zoals beschreven door Koenig en Vial, is onbetrouw-
baar. 
Koenig, C , Vial, J.B. (1970): J. Histochem. Cytochem., ¿8, 340-353. 
4. Men dient de ligand-geïnduceerde veranderingen in het aantal voor 
N-ethylmaleTmide toegankelijke SH-groepen van het Na-K-ATPase, gemeten 
door Hart en Titus, te beschouwen als de resultante van een tegelijk 
optredende afscherming van sommige en blootlegging van andere SH-groepen. 
Hart, W.M., Titus, E.O. (1973): J. Biol. Chem., 248, 4674-4681. 
5. De door Weiler et al na belichting waargenomen toename in de snelheid, 
waarmee calcium-ionen door membraanfragmenten van staafjesbuitensegmenten 
worden afgegeven en opgenomen, biedt op zich onvoldoende grond voor de 
conclusie, dat deze membraanfragmenten door de belichting meer permeabel 
worden voor het calcium-ion. 
Weiler, M., Virmaux, N.. Mandel, P. (1975): Nature, 256, 68-70. 
6. De aanname van Hemminki, als zou oligoidTJ-cellulose-chromatografie 
een zuivere po1y(A)-bevattende messenger-RNA fractie opleveren, is on-
juist. 
Hemminki, K. (1975): Mol. Cell. Biochem., 8, 123-128. 
7. Plato's theorie betreffende de fundamentele structuur van de materie 
(met de zijvlakken van vier regelmatige polyhedra als bouwstenen) vormt, 
dankzij het kwantitatieve aspect ervan, in principe een meer adekwaat 
uitgangspunt voor de ontwikkeling van een wetenschappelijke chemie, dan 
de Aristotelische leer van de vermenging van vier oer-kwaliteiten. 
Plato: Timaios. 
Aristoteles: De Caelo III en IV, Meteorologica IV. 
8. Heidenhain's verzuchting: "Indeed, every observer who has been occupied 
for any length of time investigating the functions of the pancreas will 
leave this field with a feeling of dissatisfaction, in consequence of the 
extremely large number of fruitless experiments he is obliged to subtract 
from the total number of his observations", is na een eeuw nog steeds 
van toepassing. 
Heidenhain, R. (1875): Arch. Ges. Physiol., 10, 557-632. 
9. Gezien het feit, dat de mensheid in 1975 naast 280 miljard dollar voor 
bewapening ook 33 miljard dollar voor ontwikkelingshulp heeft uitgegeven, 
lijkt het gevaar van een nieuwe zondvloed voorlopig weer te zijn afgewend. 
Genesis 6: 5-8. 
10. Zolang er geen algemeen bevredigende en in bestuurlijk opzicht bruikbare 
definitie of descriptie van het begrip "katholiek" voor handen is, zo-
lang is het aanleggen van levensbeschouwelijke kriteria bij de selektie 
van kandidaten voor een docerende funktie aan de Nijmeegse universiteit 
volstrekt onverdedigbaar. 
H.J.M. Kempen, Nijmegen, 7 januari 1976. 

